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ABSTRACT 
The production of vegetable oil, specifically soybean oil, in the U.S. and globally 
is continuously increasing. Soybean oil finds applications in a wide variety of industries 
and products which substantiate its ever growing demand. From harvest at the field to 
end application, soybean oils are subjected to a wide variety of processing methods 
designed to refine and concentrate the triglyceride fraction. Some of these processing 
methods target the removal of undesired free fatty acids, phospholipids, and other lipids. 
Such processes inevitably result in oil loss. Therefore, these by-products contain, what 
can be considered, waste oils and are therefore of low-value in their raw state. Further 
processing of these by-products can result in reclaimed value if the recovery of the oils is 
efficient, predictable, and cost-effective. Treatment of degummed and gummed 
soapstocks studying the factor effects of elevated temperature, pressure, shear rate, 
residence time, acid addition, and base addition on oil recovery has been performed. 
Results of the factor study indicate temperature has a major influence on both types of 
by-products. There is also an influence from the temperature-mixing time interaction on 
the gummed soapstock studied. In all cases the temperature effect conclusively 
influenced the oil yield, increasing recovery over what may be considered traditional 
process conditions.  
 
1 
CHAPTER 1.    INTRODUCTION 
1.1. Introduction 
Soybeans have become a crucial agricultural commodity in the U.S. since the rapid 
expansion of their production in the 1940s [1]. Additionally, both U.S. and global production 
of soybeans has increased steadily since that time and is expected to continue to increase 
with the growing global population [2]. The economic value associated with the steady rise 
in production can be attributed to some key compositional characteristics of soybeans over 
other seed oil crops and how those components are utilized. 
Soybeans have a very high protein content as compared to other legumes and cereals 
[3]. Protein concentration is on average approximately 40 w% of the soybean which makes 
soybeans the highest protein dense legume. Also, soybeans have a high oil content, 
comprised mainly of triglycerides and accounting for approximately 20 w% of the soybean 
mass, making soybeans the second highest oil dense legume [3]. There are also other 
valuable components in soybeans such as phospholipids, isoflavones, oil and water soluble 
vitamins and unsaponifiables (including sterols and tocopherols), minerals (such as 
potassium, phosphorus, magnesium, sulfur, calcium, sodium, manganese, iron, copper, and 
zinc), essential fatty acids, carbohydrates and fiber [3-5]. With such a variety of useful 
components this allows soybean products to be used in a wide diversity of food and industrial 
products ranging from cooking oils, salad dressings, chocolates, and animal feed to biodiesel, 
ink, lubricants, and paints [6-14]. To realize the economic value of the constituents from 
soybeans there must be processing methods to separate and refine these components in such a 
manner so as to match intermediate and end product requirements and specifications. 
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Depending on these processes, a wide variety of oil-bearing co-products and by-products are 
generated which may also be further processed to create value [15]. 
Currently within the U.S. the majority of soybeans are first processed to produce a 
protein-rich meal and crude soy oil (CSO) [16]. The protein-rich meal is predominantly 
destined for animal feed, which accounts for about 98% of the total available soy protein 
produced [17]. This protein-rich meal typically is marketed with minimum values for protein 
concentration, 48 w%, so as to prevent the meal from being diluted with gums, soapstock, 
spent bleaching earth, deodorizer distillate and other by-products and co-products from 
further CSO refining and processing [18].  
The CSO is predominantly destined for food products with a smaller fraction going 
into energy and other industrial products [18]. CSO is not directly sold into food nor is it 
commonly directly sold into industrial applications due to the impurities that are inherent in 
the extracted oil. The primary reasons for CSO not directly going into food applications is 
due to palatability, oxidative stability and shelf-life issues [18,19]. The vast majority of CSO 
is therefore first separated to target production of purified triglycerides and to produce other 
co-products of high value. It’s during this separation process that palatability, stability and 
shelf-life of the produced oil become acceptable. It’s also during these separation processes 
that oil-bearing co-products and by-products are generated. The by-products are typically 
emulsions of oil in water and can be further processed to recover the lost oil from the CSO 
purification processes.   
It’s realized that there is a constant tradeoff between maximizing separation of soy 
meal and CSO from the raw soybean [18]. Of course there must be an economic balance to 
take into consideration in which there is favor on the value and sale of products over the 
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operating expenses required to make such products. This is basic process economics. Another 
angle on this tradeoff is dependent on the market value of the produced oil and its co-
products. If oil value increases there is a drive to extract as much oil as economically 
possible from the soybean. However, if oil value is low compared to the meal, there is a drive 
to increase residual oil concentration in the meal. This is a decision point facing soybean 
processors and it has been common practice for these processors to have the operating 
capacity to be flexible on oil recovery [18].  
CSO is extracted from soybeans using several process steps discussed in more detail 
later on. Following extraction the CSO is further refined through more processes with the 
primary goal of recovery of triglycerides. During these processes there are many possible co-
products and by-products. Additionally, there are many possible variations of these co-
products and by-products. This is in part due to a wide variety of processing techniques, 
strategies, and equipment available to soy oil processors but also due to variability in the 
CSO composition.  
A large percentage of the co-products, or, depending on the value, by-products of 
CSO processing are produced during two processes, degumming and chemical refining. 
During these two processes phospholipids, free fatty acids, residual protein, the majority of 
minerals and other impurities are removed and concentrated into what are industrially called 
wet gums and soapstocks [20]. Wet gums may further be processed into a co-product known 
as lecithin [21]. Lecithin is comprised mainly of phospholipids and finds many applications 
in food and industrial products [22,23] or may be sold as-is to be further processed for the 
recovery of oils. This all depends on the current or predicted market value of the lecithin at 
the time of production as well as on the storage life. Soapstocks, which contain the vast 
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majority of free fatty acids from the CSO are not further processed, are generally of low 
value as-is, and present a challenge with respect to handling, storage, and disposal. The value 
of soapstocks is realized in the production of acid oils which are derived from acidulation of 
the soapstocks. From acidulation the free fatty acids and neutral oils are recovered as a 
separated oil phase and generally marketed as a high-calorie animal feed supplement or used 
in many other industrial applications (e.g. oleochemicals) [24].  
The recovery of oil (i.e. the overall oil yield), defined as the amount of oil separated 
and recovered to the amount of oil present in the material, from wet gums and soapstocks is 
not conducive to prediction with current understanding of the material. At this point the term 
feedstock(s) will be used synonymously with soapstock and wet gums in order to categorize 
both as an inlet material to be processed. From the view point of an acidulator this is because 
of the wide variability in not only composition of the feedstocks but also due to the 
processing methods used to produce the feedstocks. As stated before, there are numerous 
ways and many combinations of operations to accomplish the task of removal of the 
undesired compounds from CSO and therefore there are many production routes for by-
products and co-products from CSO. This results in a wide variety of feedstocks available to 
acidulators. As will be discussed in more detail, the feedstocks are inherently quite variable.  
The present challenge to acidulators is two-fold. The first and arguably the most 
predominant challenge facing acidulators is the ability to handle, store, and process variable 
and compositionally inconsistent feedstocks in such a manner so as to maximize oil recovery 
and make such oil recovery predictive. The second challenge to acidulators is to be able to 
achieve maximum oil recovery and predictability while minimizing process steps and 
expenses. This second challenge stems from the simple fact that processing methodologies 
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can become overbearingly complicated and constraining if attempting to design for every 
possibility and characteristic of the highly variable feedstocks; that is to say, with the current 
understanding of the feedstocks, which is quite lacking.   
The research presented in this thesis addresses these challenges and investigates a 
process to accomplish both optimized yield recovery and predictability from feedstocks as 
well as process simplification and normalization.  
1.1.1. Background on Crude Soybean Oil Production and By-Products 
The production of soybean oil in the U.S. has increased tremendously since the 1940s 
to the point now today it is a major world commodity [1,16]. The increase in the use and 
consumption of soybean oil has simultaneously caused a demand for technological 
advancements as well as methodologies for processing and refinement. The modern soybean 
oil extraction and processing methods produce an oil of high purity in triglycerides, 
practically devoid of other lipids and contaminants and having exceptional stability and 
palatability [25].  
The modern methods for CSO production from soybeans in the U.S. first began in the 
mid-1930s with the introduction of the Hildebrant continuous solvent extractors by Hansa-
Muhle Company out of Germany [26]. Over the course of next few decades, many more 
advancements were made to the solvent extraction processes, of which the Rotocel extractor 
became an industry favorite [27]. Today, solvent extraction remains the most dominant 
method for CSO generation [28]. Before CSO may be produced by direct solvent extraction 
there is a general preparation process which must be performed on the soybean. This 
preparation process not only makes direct solvent extraction more efficient it also allows 
downstream CSO processing to be more effective and economical. This process is depicted 
in Figure 1.1 [18,29]. 
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Figure 1.1. Block flow diagram of the generalized soybean preparation process leading into 
direct solvent extraction. 
Soybeans are typically harvested after maturation of the crop and after the moisture 
content of the soybeans is at an acceptable level for storage, around 13 w% [30]. The quality 
of the soybean at this stage is highly dependent on growing conditions during the year. This 
includes but is not limited to temperature, humidity, rain fall, fertilization and soil 
conditioning, planting date, variety of soybean, insect control etc. [30]. For example, the 
temperature during the growing season has a direct effect on the composition of oil as well as 
oil content of the seeds [31]. Conditions under which the seed is grown and stored will also 
influence the oil’s content of minor constituents (e.g. fatty acid composition, phospholipid 
and unsaponifiables concentration and type, and mineral composition) [31]. This suggest that 
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variability can arise in the CSO composition given variations in growing conditions, 
maturation time, harvesting, and storage. These variations perturb downstream processing 
and cause fluctuations in the vegetable oil refinery (VOR) outputs. Table 1.1 shows response 
outputs for various environmental and cultivations changes [31,32].  
Table 1.1. Soybean protein and oil composition change response to changes in various 
environmental conditions and cultivation practices. 1According to [31]. 
Input Variable Protein Oil 
High Temperatures1 Inconclusive Increase 
Early Season Drought Decrease Increase 
Late Season Drought Increase Decrease 
Early Frost/Cold Temperature Decrease Decrease 
Additional Soil Nitrogen Increase Decrease 
Increased Fertility  Increase Increase 
Late Planting Increase Decrease 
Insect Defoliation Decrease Decrease 
Insect Depodding Increase Inconclusive 
Rhizobium Inoculation Increase Decrease 
 
From storage the soybeans are continuously fed into a surge bin where they may be 
cleaned and weighed [29]. Following this the soybeans are dried to a moisture content of 10 
w% to effectively remove the hull [16]. With the moisture content adequately adjusted the 
soybeans may be cracked and dehulled. Cracking is performed to break the soybeans into 
smaller pieces and to tear the hull so as to make dehulling and flaking more effective. Once 
cracked the soybean will generally form 4-6 cotyledon fragments along with fines [16]. The 
cotyledons are the major protein and oil containing bodies in the soybean. Lipids are stored 
in organelles called spherosomes within the cotyledons. Following cracking the hulls and 
fines are removed by aspiration [16].  
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The fragmented cotyledons are often conditioned to obtain the optimum plasticity 
necessary for flaking. This is often done either using steam heating in vertically stacked or 
rotary horizontal heat exchangers or using recirculated hot air in a fluidized bed. This step of 
the process is crucial to limit the amount of nonhydratable phospholipids (NHP) extracted 
during solvent extraction [16]. As such, disturbances or manipulations during this process 
can aggravate downstream processing at the VOR not only because of a potential increase in 
NHP but also because of the susceptibility of acylglycerols hydrolyzation. This in turn can 
cause alterations in the composition of co-products and by-products produced as well as 
causing potential performance issues at the VOR. This is an example of a processing 
perturbation which can propagate into the feedstocks which are received by acidulators and 
therefore presents itself as an uncontrolled or disturbance variable in the feedstock. 
With the cotyledons conditioned they may proceed to be flaked. Flaking is the 
process by which the conditioned cotyledons are cut into layers having thicknesses between 
0.25 and 0.37 mm [16]. There is a certain level of uncertainty in the literature [6,16,27,29] as 
to the optimized thickness of the flakes but nonetheless the purpose of flaking remains the 
same. Flaking is performed for the sole purpose of exposing ruptured spherosomes and 
increasing surface area of these spherosomes so as to promote more effective mass transfer of 
solvent in and solvated lipid solution out of the flakes [16]. The solvated lipid solution is 
often referred to as miscella [29]. 
After flaking the soy flakes are transferred into the solvent extraction process. There 
are many types of solvents which may be used in solvent extraction [33-35]. However, the 
choice of an isomeric mixture of hexane (i.e. “hexanes”) is usually preferred across CSO 
manufacturers [36]. Other solvents have been investigated and currently there are new and 
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revisited solvents being researched and developed but as of current the most economical 
choice is still hexanes. Solvent extraction is a diffusion limited process and therefore 
exposure time of the solvent to the flakes is critical for effective separations. The extraction 
process is typically performed in a countercurrent fashion where fresh solvent contacts 
deoiled flakes in the first stage and gains oil in subsequent stages [29]. The contact time and 
extraction performance of the solvent alters the lipid composition within the flakes. This is 
because certain lipids are solvated and diffuse at a much quicker rate than others [16]. This is 
another source of variability in the composition of the CSO. If variations in the processing 
parameters occur during extraction there will exist a difference in the lipids composition 
exiting in the miscella. This is also inherent in the variability propagated from previous 
processes and within the bean composition itself. These changes in composition, however 
small or large, will be transferred to the VOR and subsequently into the produced co-
products and by-products potentially used in acidulation.  
The miscella leaving solvent extraction is transferred over to a series of evaporators, 
strippers, and condensers whereby the hexanes is separated, recovered and recycled and the 
CSO is produced [29]. The CSO is conditioned prior to being sent to storage. CSO must be 
stored properly so as to avoid oxidation, hydrolysis of acylglycerols and gums, and settling of 
gums and fines. Moisture content is specified to not be greater than 0.2 w% prior to and 
during storage [16].  
Once in storage the CSO is ready to be further processed at the VOR. Processing 
parameters and performance of the unit operations at the VOR are highly dependent on the 
composition of the CSO in storage. This is because the end goal of the VOR is to produce a 
highly purified triglyceride oil with high stability and, depending on end application, 
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sufficient palatability. The VOR must process the CSO accordingly to achieve these 
production goals and therefore must have a robust enough process to handle the 
compositional variabilities. From the view point of an acidulator the co-products and by-
products will capture this variability and thus it is very important for the acidulators to 
understand the possibilities inherent in the compositional variabilities of CSO.  
1.1.2. Composition of Crude Soy Oil 
The composition of CSO is very important to understand as this directly affects the 
compositional makeup of co-products and by-products from the VORs which in turn directly 
affects the operational performance metrics of the acidulators, specifically the oil yield 
metric. Additionally, it’s very important for acidulators to understand the CSO chemistry to 
facilitate decision making on how to process the VOR by-products and co-products. 
The true extent of unique constituents in crude soy oil, or crude vegetable oils in 
general for that matter, is so expansive that characterization and quantification of every 
constituent in their original state of a single sample would consume sufficiently enough time 
so as to prove the sample no longer representative of the bulk material. That is unless major 
advancements in analytical technologies are made. This is what makes the study of lipids 
chemistry so very interesting and stimulating. It’s because of the high level of diversity 
which makes it necessary to introduce categorization techniques and narrow the scope of 
component identification into predefined classifications.  
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Table 1.2. Typical composition of crude soybean oil. This table contains the major 
constituent classes of lipids and non-lipid material. This table is a compilation of data taken 
from various sources [28,31,32,38-41]. 
Component w% Component w% 
Triacylglycerols 95.0 - 97.0 Unsaponifiables 1.30 – 1.60 
     Fatty Acid Composition        Sterols 0.30 – 0.50 
          Palmitic Acid 9.80 – 12.50           Campesterol 0.059 
          Stearic Acid 2.50 – 4.47           Stigmasterol 0.054 
          Oleic Acid 18.61 – 25.14           Beta-Sitosterol 0.123 
          Linoleic Acid 49.95 – 55.33           ∆5-Avenasterol  0.005 
          Linolenic Acid 4.77 – 7.30           ∆7-Stigmasterol  0.005 
          Others 0.25 – 0.83           ∆7-Avenasterol  0.002 
Phospholipids 1.5 - 3.7       Tocopherols 0.06 – 0.15 
     Phosphatidylcholine 12.0 – 46.0           Alpha 0.0093 
     Phosphatidylethanolamine 8.0 – 34.0           Beta 0.0018 
     Phosphatidylinositol 1.7 – 21.0           Gamma 0.0834 
     Phosphatidic Acid 0.2 – 14.0           Delta 0.029 
     Phosphatidylserine 0.2 – 6.30      Hydrocarbons 0.38 
     Lysophosphatidylcholine 1.5 – 8.50      Other 0.40 – 0.50 
     Lysophosphatidylinositol 0.4 – 1.80 Free Fatty Acids 0.30 – 0.70 
     Lysophosphatidylserine 1.0 Moisture 0.10 – 0.50 
     Lysophosphatidic Acid 1.0 Trace Metals ppm 
     Phytoglcolipiids 14.3 – 29.6      Iron 1.0 – 3.0 
          Fatty Acid Composition        Copper 0.03 – 0.05 
               Myristic Acid 0.3 – 1.9      Calcium and Magnesium 80 – 120  
               Palmitic Acid 11.7 – 42.7   
               Palmitoleic Acid 7.0 – 8.6   
               Stearic Acid 3.7 – 11.7    
               Oleic Acid 6.8 – 39.4   
               Linoleic Acid 17.1 – 60.8   
               Linolenic Acid 1.6 – 9.2   
               Arachidic Acid 1.4 – 2.3   
 
The composition of CSO is dependent on the original composition of the soybeans 
from the field and on the process and process performance the soybeans undergo. This spans 
from storage to solvent extraction and CSO storage. CSO is composed primarily of 
triacylglycerols (TAGs), free fatty acids, phospholipids, sphingomyelin, sterols, tocopherols, 
minerals, hydrocarbons, waxes, hydrocarbons (e.g. ketones, aldehydes and squalene), 
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pigments, proteins, carbohydrates, fiber and moisture [28,31,32,38-41]. Within these classes 
there can be further division and sub-categorization. Table 1.2 shows a typical CSO 
composition. As can be seen there is plenty of potential variability in CSO composition and 
subsequently in the potential co-products and by-products.  
1.2. Crude Soybean Oil Processing – Degumming and Refining 
It’s important to point out that VORs are often processing various types of vegetable 
oils and are not restricted to processing only CSO. The reasoning behind the decisions to 
process a variety of oils are many and substantiates the requirement that the VORs have 
processing equipment and methods robust enough to handle the potential variability of 
incoming oils. Consequently, this causes variability in the potential by-products, i.e. the 
feedstocks to acidulators, because of not only processing differences but also potential 
variations in oil types. However, CSO is the predominantly processed oil which derives the 
by-products focused on in this study. 
Table 1.3. Composition of finished soybean oil as produced from a typical VOR. 
[31,32,39,42,43] 
Component w% 
Triacylglycerols >99 
Phospholipids 0.003 
Unsaponifiables 0.3 
FFA 0.02 - 0.05 
Moisture <0.01 
Trace Metals ppm 
     Iron 0.3 
     Phosphorus 1.0 
 
The ultimate goal of the majority of VORs handling CSO is to produce an edible soy 
oil product of almost pure triglycerides. There are additional purification and modification 
processes which can be performed, namely winterization and hydrogenation, but these are 
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outside the scope of this study and have little impact on acidulators. Final soy oil 
specifications are given in Table 1.3 and show the triglycerides concentration requirement 
[31,32,39,42,43].  
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Figure 1.2. High level BFD of CSO processing. The numbered lines are potential variations 
in the degumming process. (1) Water degumming, acid degumming, acid refining or soft 
degumming, enzymatic degumming, (2) acid refining or soft degumming, enzymatic 
degumming, dry degumming, (3) enzymatic degumming, and (4) miscella degumming. 
VORs utilize a series of processes and unit operations to concentrate and purify the 
triglycerides from CSO. These series of processes are known as degumming, refining, 
bleaching, and deodorization [44]. Each of these processes are designed to remove specific 
minor or trace components from the CSO to produce what is known in the industry as 
refined, bleached, and deodorized (RBD) soybean oil [44].  
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 The generalized process performed on CSO to remove impurities and undesirable 
constituents is comprised of: (a) removal of phosphatides and “gums”, (b) removal of free 
fatty acids, (c) removal of color and other adsorbable compounds, (d) removal of waxes and 
other high melting point components, (e) removal of odoriferous species, and (f) optional 
component modifications [45]. Figure 1.2 shows a high level block flow diagram (BFD) of 
CSO processing [6,18]. 
Bleaching, deodorization and physical refining operations do not produce the 
feedstocks most commonly processed by acidulators and therefore these processes are not 
discussed in further detail. The vast majority of feedstock material used by acidulators are 
by-products of degumming and refining. This is because both of these processes discharge 
low value by-products containing variable concentrations of oil and other value-added 
components in water. 
1.2.1. Degumming Processes and By-Products 
An essential part of CSO refining and purification is the removal of phosphatides 
from the CSO [25]. There are multiple reasons for this, of which the primary purpose is to 
produce a soybean oil product highly concentrated in triglycerides and with adequate 
stability, shelf life and palatability. Other reasons include: (a) the production of a soybean oil 
with very little susceptibility to precipitate or produce settlings during shipping or storage, 
(b) with the increase in applications of lecithin, there is motivation for the VORs to remove 
phosphatides for the production of lecithin products, (c) to reduce downstream processing 
losses with respect to neutral oils due to the emulsifying potential of the phosphatides – this 
is especially evident during the chemical refining operations, (d) removal of the phosphatides 
and other prooxidants for physical refining (i.e. steam refining), and (e) reduction of waste 
water treatment from both the VOR and the acidulators due to the lower oil losses and 
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reduction of gums discharge of the VOR and the decreased acid demand to process the 
gummed soapstocks of the acidulators [25].  
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Figure 1.3. Various degumming processes used on vegetable oils. 
Within the VOR industry there are a variety of ways for which degumming can be 
performed and there are a variety of co-products and by-products which can subsequently be 
made. The methods used by the VOR are determined by availability of processing unit 
operations, quality of the CSO, and co-products requirements (i.e. if lecithin production is 
required). Figure 1.3 shows a generalized BFD of the various degumming processes 
[6,25,46]. 
Degumming of CSO is often performed using either of water degumming, acid 
degumming and acid conditioning, or enzymatic degumming. Each of these processes have 
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their associated advantages and disadvantages and required operating procedures and 
parameters. From the view of the acidulators, a considerable amount of variability in the by-
products and co-products can be seen from these processes. This is because of not only the 
inherent CSO variability from upstream processing and CSO composition but also due to 
variability in the degumming processing methods themselves. As a simple example, the 
interpretation of process performance of the centrifugation operation and decision on when 
and how much wash water to clean the equipment is used between operators can lead to 
significant variability in the moisture content of the discharged wet gums. This represents 
one of many possible sources of variation in this type of acidulator feedstock. 
1.2.1.1. Water and Acid Degumming/Conditioning 
Water degumming is the process by which the majority of phospholipids (PLs) are 
removed from CSO by taking advantage of their affinity to hydrate (i.e. solvate with water). 
This hydration causes the PLs to become insoluble in the CSO [21]. As an additional effect 
the hydrated PLs become denser than the surrounding and precipitate with gravity [25]. In 
this process CSO is mixed with demineralized water at a temperature around 70 deg. C under 
sufficient agitation so as to provide maximal contact for hydration but to limit emulsion 
formation and stability and thus neutral oil loss [25]. In their hydrated form the PLs can be 
removed from the CSO with water wash and centrifugation. This results in degummed CSO 
which is then further processed and a by-product known as wet gums [25]. These wet gums 
may be further refined to produce lecithins of either food grade or industrial quality. Also, 
the wet gums may be sold as a feedstock to acidulators. The determining factor here is 
dependent on whether the CSO is of sufficient quality and the market value high enough to 
subsequently produce a lecithins product. 
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Water degumming, and therefore hydration, does not typically produce a fully 
degummed CSO having residual phosphorus of low enough concentration. This is because 
not all of the PLs undergo hydration. Some PLs are nonhydratable and thus form the group of 
PLs known as NHPs [25,46,47]. The reason for this inability of some of the PLs to undergo 
hydration has been associated with the presence of monovalent and/or divalent cations in 
bound with the PL headgroup [47]. Calcium and Magnesium account for the largest degree 
of the suspect cations causing hydration inhibition of PLs in CSO [47]. Figure 1.4 shows an 
example of a NHP. 
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Figure 1.4. An example of a NHP. In this figure a calcium ion is bound to the polar head 
group of phosphatidic acid. 
NHPs make up around 10 w% of the PLs in CSO [25]. The composition of NHPs has 
been suggested, through analysis, to be primarily composed of phosphatidic acids (PA) and 
lysophosphatidic acids (LPA) [48]. It has also been determined that 
phosphatidylethanolamine (PE) may have some inhibition to hydration [49]. The 
concentration of NHPs in the CSO is variable and has been identified to be dependent on 
several factors related to the growth and storage of soybeans. This is mostly associated with 
the enzymatic activity of phospholipase D [50]. However, the phospholipase D activity may 
not entirely explain the formation of NHP, moisture may also play a role [32]. The 
concentration of phospholipid remaining in the CSO which is then separated during refining 
can thus change, and perhaps change by an appreciable amount. This adds to the level of 
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complexity in the variability of the feedstocks acidulators are handling. To mitigate the 
activity of phospholipase D the ALCON method was developed whereby the soybeans are 
cooked to deactivate the enzyme [25]. Although the ALCON method facilitates degumming 
there is inevitably some NHPs remaining in the CSO. Additionally, the ALCON method is 
predominantly used in European countries and is not highly common in the US [25].   
To overcome the problem of residual NHPs in the water degummed CSO, an acid 
conditioning step may be performed. The addition of a degumming acid to CSO is thought to 
help chelate the metal ions bound to the NHPs allowing exposure of the ionic head group 
thereby allowing these residual PLs to be hydrated [47]. There are many acids which can be 
used for this process but typically citric or phosphoric acids are used [18].  
Although degumming acids may be used to reduce the phosphorus content of CSO, 
they are not typically added when lecithin is being produced. VORs have several options for 
degumming processing. If desiring to produce lecithin degumming acids will typically be 
added after water degumming and before refining – however prior addition is performed by 
some VORs. The residual PLs are then removed in alkali refining and produce what are 
known as degummed soapstocks (DGSS). It’s important to note that the degummed 
designation is somewhat misleading. There are still gums present in the soapstock by-
product, however their concentration is much smaller than what is found in gummed 
soapstocks (GSS). Degumming acids may also be added immediately to the CSO and 
combined with the water degumming process. The by-product from this process is not 
typically used in lecithin production but may rather be sold as wet gums [25]. 
As will be discussed in more detail in a later section the degumming operation may 
also be accomplished by directly combining degumming with alkali refining. In this process 
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the gums are removed with the soapstock by-product. This by-product material is known 
industrially as gummed soapstocks. The operating parameters used by VORs for the multiple 
process pathways in water and acid degumming are many. This introduces a swath of 
potential variation in the by-products produced and potentially used by acidulators.  
1.2.1.2. Enzymatic Degumming 
Enzymatic degumming is a relatively new process. With the introduction of the 
process developed by EnzyMax® in 1992 there has been an ever growing interest in this 
technology [46]. Today enzymatic degumming is an accepted tool in the purification of CSO. 
This is predominantly because the enzymatic degumming produces the lowest neutral oil 
(acylglycerols) yield losses and meshes very well with physical refining requirements [51]. 
However, with capital investment and an increase in regulations surrounding phosphorus 
disposal in waste water effluents there are still hurdles to overcome before this technology 
becomes the industry standard. 
The primary objectives of enzymatic degumming are the reduction of neutral oil yield 
losses and chemical consumables with the degumming operations [51]. With this, enzymatic 
degumming utilizes various phospholipases to accomplish hydrolyzation of the PLs in CSO 
thereby reducing both of the aforementioned issues. Many of the commercially available 
phospholipases are of microbial origin [51]. There are three phospholipases commercially 
used: phospholipase A1, A2 and C [51]. The use of phospholipase D is discouraged because 
of its selectivity towards the catalyzed hydrolysis of the head group, resulting in a PA. The 
other phospholipases however have more commercial utility. Each catalyzes the reaction of 
specific locations of the PLs and, as is the case with phospholipase C, the reaction of specific 
PLs dependent on their head group which results in lipophilic and hydrophilic products and 
are therefore more readily separable [51].  
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The process of enzymatic degumming requires that an acid conditioning step be 
performed along with pH adjustments to bring the pH closer to an optimal range for the 
enzymes [51]. After this the enzymes are added and thoroughly mixed using high-shear 
inline or tank mixing. A degumming centrifuge is used and generates the by-product known 
in the industry as enzymatic wet gums [50]. The enzymatic processes can produce a highly 
variable by-product and is a source of variation in the feedstocks used by acidulators. 
1.2.2. Refining Processes and By-Products 
CSO contains between 0.30 and 0.70 w% free fatty acids (FFAs) [32]. FFAs are 
acidic lipid species that cause quality issues in the final soy oil product and therefore are 
undesired and removed [6]. Commercial separation of FFAs which is commonly performed 
may be broken down into two methods, chemical refining or physical refining [20]. In 
physical refining the FFAs are removed by taking advantage of their volatility over the 
triglycerides. This is done by processing the degummed CSO at very low pressure and high 
temperatures, typically in a steam stripping column [25]. Chemical refining (often referred to 
as alkali refining) takes advantage of the FFAs reactivity by neutralizing the exposed 
carboxylic group with alkali. This is usually performed using sodium or potassium hydroxide 
[25]. Figure 1.5 shows this basic reaction. This reaction is often called saponification of fatty 
acids [25]. The by-products of physical refining are not typically sought after for acidulation 
by acidulators and therefore these by-products are not further discussed. However, the by-
products of chemical refining are highly utilized by acidulators and are the feedstock focused 
on in this study. 
The majority of VORs processing CSO in the US utilize continuous alkali refining to 
remove FFAs. This is accomplished using derivations and modifications of two primary 
methods: (a) the long-mix process and (b) the short-mix process [18]. In the US the long-mix 
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process is most often used whereas the short-mix process is used in European countries [18], 
therefore more concern is given to the effect of the long-mix method on the feedstocks used 
in this study. It’s important to understand that modifications have been developed and 
implemented on the long-mix process and VORs may utilize these modifications in different 
ways thus representing another source of variability in the by-products. 
O
HO n+NaOH
H2O +
O
Na  O n
+ -
 
Figure 1.5. Reaction of aqueous sodium hydroxide with a free fatty acid of variable chain 
length. The resulting products are water and the sodium salt of the fatty acid (i.e. soap).  
The long-mix process consists primarily of six generalized unit operations: (a) crude 
oil conditioning, (b) alkali treatment and addition, (c) mixing, (d) soap-oil separations, (e) 
residual soaps water washing, and (f) vacuum drying [25]. Of the six only (a) through (e) 
impact acidulators in that these operations are sources of variation in the by-products. 
Vacuum drying does not directly impact soapstock production apart from the requirement of 
the oil to be sufficiently free of residual soaps and gums prior to this operation. Crude oil 
conditioning consists of the addition of phosphoric or citric acid to the CSO, the acid 
conditioning step. This step, although optional, is still recommended even on degummed 
CSO for the treatment of NHPs [25]. The amount of acid added depends on the Calcium and 
Magnesium concentrations and thus represents possible variation in the composition of the 
resulting soapstock by-product. The acid is mixed for four to eight hours prior to alkali 
treatment and is temperature controlled between 20 and 30 deg. C. It’s noted that high 
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temperatures, around 60 deg. C, may cause reversion of the PAs to NHPs. Following 
conditioning, alkali is added into the oil [25]. The most preferred reactant used is sodium 
hydroxide (NaOH). However, potassium hydroxide (KOH) is also used [25]. The amount and 
concentration of base used are very important to the overall process. Typically an aqueous 
solution of NaOH having a concentration of 9.50 to 12.68 w% is used [25]. The amount of 
base required is determined from the FFA concentration, the amount of conditioning acid 
used, and the required amount of “excess over theoretical” (EOT) [25]. Immediately 
following the addition of alkali the oil/alkali mixture is subjected to mixing in retention 
mixers. While in the retention mixers an adequate dispersion of aqueous alkali is desired so 
as to decrease mass transfer resistances and speed up the reaction. At this point the residual 
NHPs are hydrated as well and can be removed during soap-oil separation [25]. This mixture 
is sent directly to a centrifugation unit where the soaps and residual gums are removed. 
Water washing is also performed not only to reduce the residual soaps and PLs content but 
also to reduce viscosity of the resulting soapstock. Subsequent water washes may be 
performed depending on residual amounts of impurities and undesired components [25].  
There are many critical control points in the long-mix process to ensure end oil 
quality. Variations in composition of the CSO, processing techniques upstream of refining, 
performance of processing equipment and equipment type and configuration (which can 
impact uniformity of material flow rates, temperatures, contact time, dispersion, and 
separations), and alkali strength represent a list of potential sources for variability in the 
soapstocks produced from the VORs and thus present the acidulators with an ever growing 
list of potential factors influencing processed materials.  
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The two primary by-products of alkali refining are DGSS and GSS. These two 
categories of by-products are often simply referred to as soapstocks. Soapstocks make up the 
bulk of feedstock materials processed by acidulators.  
1.2.3. Summary of By-Products and Inherent Variability 
There are two types of VOR by-products discussed in this study: (a) degummed 
soapstock (DGSS) and (b) gummed soapstock (GSS). Both DGSS and GSS are typically 
given the generalized term soapstocks. However, it’s important to point out once more the 
somewhat misleading nomenclature given to DGSS. These soapstocks often contain residual 
NHPs from acid conditioning and degumming. Of the materials studied in this thesis all 
DGSS contained residual PLs and therefore were comprised in some part of gums.  
The composition of these by-products is best described as a complicated and quite 
variable mixture of soaps, PLs, TAGs, mono- and diacylglycerols (MAGs and DAGs, 
respectively), moisture, proteins, lipoproteins, carbohydrates, inorganic and organic salts, 
particulate matter, unsaponifiables, hydrocarbons, volatile and aromatic compounds, 
glycolipids, and other miscellaneous organic compounds [18]. The primary differentiating 
factor between DGSS, GSS and wet gums are the presence of soaps. There are little to no 
soaps in wet gums whereas in the two classes of soapstocks these compounds are plentiful 
and makeup the majority of the fat content. Wet gums contain, as is evident in the name, a 
considerable fraction of PLs and LPLs which make up the majority of the fat content in these 
types of feedstocks. The common constituents which can be found, through analysis, in both 
soapstocks and wet gums are moisture, acylglycerols, PLs, inorganics and minerals, 
unsaponifiables, particulate matter, protein, and carbohydrate.  
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1.2.4. Value in By-Products and Acidulator Considerations 
As described in previous sections, the by-products produced from VORs processing 
CSO, which subsequently are then feedstocks purchased and further processed by 
acidulators, contain residual oils and other lipids of potential value. Predominantly the 
extracted and recovered oils from these feedstocks find value as a high calorie animal feed 
supplement or other industrial products as discussed previously.  
Feedstocks are purchased on their total fatty acids (TFA) concentration. In order to 
reclaim the cost of the feedstocks and build value on the recovered oils, the acidulators must 
have processes which are capable of a high recovery of the feedstock residual oils and in 
doing so limit the operational costs for this recovery (i.e. energy in all forms, reagent 
consumption, maintenance and other consumables, etc.).  
1.3. Overview of VOR By-Product Emulsion Characteristics 
The by-product soapstocks, and subsequently the feedstocks to the acidulators, from 
the various processes used by VORs are most often emulsions of oil in water (O/W). There 
are a few materials and fluctuations in the VOR outputs which produce water in oil (W/O) 
emulsions however the vast majority are O/W. The emulsions studied in this thesis and in 
general are quite complex solutions. There is an incredible amount of variation which can 
occur on the microscopic scale which allows emulsions to have very complex thermo-
physical properties. This is especially true for soapstocks which are composed of thousands 
of different constituents. 
The simplest models of emulsions describe a heterogeneous mixture of two 
immiscible fluids in intimate contact, whereby one fluid is dispersed throughout the other in 
the form of polydisperse droplets. These droplets form a thin surface between the interior of 
the droplet and the continuous phase [52]. At this surface many interesting phenomena occur 
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which dictate droplet interactions. The droplets may be stabilized by a surface active 
component known as a surfactant, or emulsifier which is adsorbed to the droplet surface. The 
structure of the emulsion can be quite simple, as described previously with the polydisperse 
droplet model, or they can be quite complex and can be mixtures of dispersed fluid bodies 
having many shapes and sizes [52]. Figure 1.6 shows an example of the structure of a 
spherical dispersed droplet. 
A
B
S
 
Figure 1.6. An exaggerated depiction of a spherical droplet. This represents the most 
simplistic model of a dispersed liquid B surrounded by bulk liquid A and stabilized by 
surfactant S. 
The formation and stability of an emulsion is dependent on a multitude of variables 
including: (a) disruption and dispersion of the immiscible liquids, (b) repulsion forces 
between droplets along the liquid-liquid interface, (c) emulsifier type, and (d) rate of 
emulsifier adsorption [53]. The emulsions created from VORs (i.e. the by-products of 
degumming and refining) are formed and stabilized by these generalized parameters. The two 
primary classes of compounds which make up the largest fraction of emulsifiers in VOR by-
products are soaps (alkali salts of fatty acids) and PLs (gums). A lesser fraction of potential 
emulsifiers are MAGs, DAGs, glycoproteins, proteins, lipoproteins, mixtures of proteins and 
carbohydrates, and complexes of the aforementioned with salts [53].  
Soaps, PLs, LPLs, MAGs, and DAGs are well known as emulsifiers and are 
commonly found in food and industrial products [54-56]. A simple look in one’s pantry will 
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reveal the multitude of products these emulsifiers may be found in. The main attribute of 
each for why they behave as emulsifiers can be found in their structures. These compounds 
contain a polar hydrophilic head group and non-polar lipophilic groups, making them 
amphiphilic. Simply speaking, the nature of these compounds allows them to bind with both 
oil and water. Therefore they take up positions at the interface between immiscible fluids. 
Figure 1.7 illustrates the chemical structure of both a soap and a PL.  
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Figure 1.7. The compound on the top of this figure depicts a soap molecule, specifically 
sodium oleate. The compound on the bottom depicts a phospholipid where the substituent X 
group represents choline, ethanolamine, inositol, serine, or hydrogen. The dashed areas show 
the hydrophilic portion of the compounds. The remainder of the molecule is lipophilic.  
In general, surfactants like soaps and PLs cause a drop in the interfacial tension which 
reduces the stress required to break up the interface around the dispersed droplets and thus 
help stabilize the emulsion matrix. However, emulsions are truly unstable systems. This can 
be seen from an application of the second law of thermodynamics and the Gibbs free energy 
of formation [57], 
∆𝐺𝑓𝑜𝑟𝑚 = ∆𝐴𝛾12 − 𝑇∆𝑆
𝑐𝑜𝑛𝑓 
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where, 𝛾12 is the interfacial tension, ∆𝐴 is the change in area of the dispersed liquid, and 
∆𝑆𝑐𝑜𝑛𝑓 is the entropy of configuration. With most emulsion systems the interfacial tension 
term is much larger than the configuration entropy which makes the Gibbs entropy of 
formation positive indicating that most emulsions can only form with an addition of energy 
into the system and therefore are unstable [57]. The instability of emulsions is noted in the 
various ways emulsions can breakdown. These breakdown mechanisms are: (a) creaming, (b) 
sedimentation, (c) flocculation, (d) phase inversion, (e) coalescence, and (f) Ostwald ripening 
(or disproportionation) [57]. It’s likely that all of these mechanisms are impacting the oil 
recovery processes used by acidulators of which coalescence is the hypothesized primary 
mechanism.  
With respect to the recovery of oils from VOR by-products (i.e. soapstock and wet 
gums) there is a requirement to induce instability in these emulsions and promote oils 
coalescence and separation. In general instability of emulsions can be achieved by the 
mechanisms described above. Reaction of the emulsifying species (e.g. soaps, PLs, DAGs 
and MAGs, etc.) by addition of acid or base reagent and adjustment of pH to alter surfactant 
behavior, and taking advantage of the properties (i.e. temperature, pressure, solubility, etc.) 
of the constituents in the emulsion are logical pathways to cause destabilization. 
Rheological behavior of emulsions are also quite complex and highly dependent on 
physical and chemical inputs. Describing emulsion rheology can be accomplished using a 
few main aspects: (a) interfacial tension and surface pressure, (b) interfacial shear viscosity, 
(c) interfacial dilations elasticity, (d) interfacial dilational viscosity, and (e) bulk viscosity 
[57]. Depending on how the emulsions were formed and what comprises their constituents 
there can exist a wide variety of rheological behaviors. non-Newtonian properties are very 
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common in emulsions and within the VOR by-products. Such non-Newtonian fluid behaviors 
which VOR by-products often possess are: (a) shear-thinning, (b) shear-thickening or 
dilatant, (c) rheopexy, and (d) thixotropy. During the course of the research presented in this 
thesis there were very few feedstocks which seemed to be thixotropic (i.e. viscosities which 
decrease with an applied stress over time) or rheopectic. However, non-Newtonian fluid 
behavior was certainly seen. The non-Newtonian fluid behavior of the feedstocks studied 
presented not only another layer of variability but some interesting challenges as well, which 
will be described in later chapters. 
As can be seen throughout the introduction and background concerning CSO refining 
and the generation of the various by-products, there is a substantial degree of variability 
which can be found in these feedstocks. This variability causes all sorts of issues with respect 
to extraction of oil from the various VOR by-products, e.g. soapstocks.  
1.4. Review of Industrial Practices for Processing VOR By-Products 
The recovery of oil from VOR soapstocks and wet gums has been described in 
numerous sources [18,58-82]. The literature often refers to the treatment and oil recovery 
process on soapstocks and wet gums as acidulation or soapstock splitting. This is because 
traditional processing methods involve the addition of acid and rely on bulk phase 
separations either by gravimetric settling or mechanical means (i.e. centrifugation or 
membrane filtration). There are many patents spanning from the 1920s to the 2000s each 
describing methods and technologies to best accomplish the task of oil recovery for the 
creation of value out of the low-value emulsion by-products [58-82]. A review of these 
sources as well as current acidulation practices is given in this section.  
Traditional acidulation is described as a batch process in which soapstocks and wet 
gums (i.e. feedstocks) from VORs are treated using steam, acid, agitation, and settling [59]. 
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A more detailed process description may be given with the following. Feedstock from a VOR 
is sampled and tested for various parameters. The feedstock may then be combined with 
water, or recycled acid water, to adjust viscosity and be pumped into a batch reactor. 
Alternatively, the feedstock can be transferred directly to a batch reactor. While feedstock is 
loading into the batch reactor the temperature is increased with steam, internal coil heating, 
or passing through a heat exchanger. With temperature properly adjusted acid is added. 
Simultaneously, mixing of the reactor is started using agitators of various type and size. The 
contents are allowed to mix for a specified duration and then separate in the same vessel. 
During separation the emulsion predominantly tends to separate into three phases: (a) crude 
acid oil, (b) residual emulsion, and (c) acid water. After sufficient time and an adequate 
degree of separation the produced phases may be removed from the vessel and further be 
processed. Figure 1.8 shows the generalized high level process flow of a traditional 
acidulation process and also shows some additional process steps which are performed on the 
produced phases [60,61,63]. The residual emulsion phase may be given further time to 
separate in another separation tank and produce a recovered acid oil stream and/or it may be 
recycled back to the batch reactor. The acid water, or aqueous phase, typically must be 
neutralized before discharge to the sewer and water treatment facility. 
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w/ Agitation
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Figure 1.8. Block flow diagram of traditional acidulation process. Dashed lines indicate 
optional operations. 
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Processing methods to recover oil from soapstocks and wet gums utilize acid reagent 
(e.g. sulfuric or hydrochloric) almost universally. This is done for two primary reasons: (a) 
adjust pH of the bulk emulsion to aid aqueous separation from the dispersed oils, and (b) 
convert the soaps (alkali salts of fatty acids) into free fatty acids. Figure 1.9 shows the soap-
acid double displacement reaction. As can be seen in Figure 1.9 sulfuric acid is used to 
protonate the soap molecule, the resulting products in this reaction are FFA and sodium 
bisulfate. Sodium bisulfate can further undergo reaction with soap to produce sodium sulfate 
and another molecule of FFA. This is one of the reasons as to why sulfuric acid is so 
commonly used by acidulators. The normality, concentration (or grade), handling and 
storage, and cost of the acid makes it a highly favorable reagent in processing. 
O
Na  O n
+ -
H2SO4 +
O
HO n
NaHSO4 +
 
Figure 1.9. The soap conversion reaction showing FFA and sodium bisulfate production. 
The change to an acidic pH of the feedstocks tends to aid separation of the aqueous 
phase by destabilizing the emulsion. In the acidulation industry, and for emulsion 
destabilization in general, pH adjustments are very common. However, the degree to which 
pH is adjusted is somewhat ambiguous in the literature. Recommendations are often the 
opinion of the author and are highly dependent on the soapstock composition and type (i.e. 
source oil and VOR process method) and on the suggested “best” process. Ranges on pH 
adjustment vary from 0.1 to 7.0 but the majority of the reviewed literature suggests a pH 
range of 1.0 to 4.0.  
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The literature also discusses many processes for which pH is increased to make the 
emulsions more basic [15,60]. The rationale with increasing pH is to promote saponification 
of the acylglycerols, PLs and LPLs. Through this reaction the vast majority of glycerolipids 
are converted to FFAs and then further to soaps, glycerol, and various phosphorous 
compounds (e.g. phosphocholine, glycerophosphate, etc.). This type of reaction mechanism 
is known as base-mediated hydrolysis because although the base behaves as a catalyst for a 
portion of the reaction mechanism, it is inevitably consumed via reaction with the acidic 
species produced, namely the FFAs, to produce soaps. NaOH or KOH are suggested bases 
used for this process [60]. The process specification are again somewhat ambiguous. Within 
the literature an ending pH of 8.5 is considered [74] whereas in other discussions on the 
method there is no specification other than to add base [60]. The advantage of this type of 
process is the conversion, partially or fully, of the emulsifiers to compounds of either lesser 
or no emulsifying capacity. Following a saponification process the mixture is acidulated to 
bring the pH down and react the soaps to FFAs. The disadvantages of this processes are often 
many. The most obvious is the requirement to add base, which is done in excess, thereby 
increasing the amount of acid needed to reduce pH and react with the increased soaps 
concentration. Another disadvantage is the potential for the VOR by-products to undergo a 
significant increase in viscosity. This creates issues with pumping and overall handling as 
well as creating issues with mixing and uniformity of the reaction volume. To overcome this 
problem it’s suggested to add water to reduce viscosity [60]. 
Temperature is another very important process variable discussed in the literature. 
Again, as with pH, there is a level of ambiguity to the best processing temperature. Ranges 
from 40 to 315 deg. C [71] have been discussed.  
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Within the literature, requirements around mixing are quite vague and there is no 
specific information concerning an adequate amount of mixing or truly any metric defining 
the mixing operation. Some methods describe the use of Venturi tubes for mixing [65,67]. 
However, there are no specifications surrounding process flow conditions, specifically 
pressure drop and coefficient of variation. It’s extremely likely that this is due to the wide 
variability in rheology of the soapstocks and wet gums.  
Residence times discussed in the literature span a wide range as well. Variations in 
the required reaction time range from a few minutes [70,71,73] to a few hours [62]. From the 
literature review and from an investigation of current industrial practices the influence of 
feedstock variability has a tremendous effect on processing strategy and the ability to predict 
performance of the operation. Resolutions to the inherent variability of the feedstocks results 
in a wide variety of processing recommendations. Often these recommendations are based on 
one or two, somewhat, consistent feedstock materials (i.e. feedstocks produced by a single 
VOR) and thus become too specific and ineffective on a wider diversity of feedstocks. In part 
it’s for these reasons that this study has been undertaken.  
1.5. Summary of Scope and Purpose 
As discussed in the literature review there are a number of proposed processing 
methodologies for soapstock splitting with the goal of recovering oil and therefore adding 
value to these by-products. With firsthand insight into an acidulation operation this study has 
a unique perspective into daily operations and into the factors which influence success. Of 
key importance is the recovery of oil. The purpose of this study and research is to investigate 
a potential processing method which used moderately high temperature, as compared to 
traditional acidulation, to increase oil yields. Additionally, an investigation will be made into 
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predictability of the proposed process thus answering the two main challenges mentioned 
previously.  
The scope of the research presented in this thesis is limited to two feedstocks from 
specific vendors/manufacturers. Vendor A is a degummed soapstock and vendor B is a 
gummed soapstock. These feedstocks have been chosen because they are more consistently 
obtained at the location where this study and research is being carried out. 
1.6. Organization of Thesis Contents 
The structure of this thesis is set up to present the critical thinking process behind the 
project and its development with time. The design of experiments (DOE) and experimental 
setup are described first. In this chapter the details of the factor selection are given, showing 
the initial DOE matrix. Additionally, the experimental apparatus and its successive 
development as new insights are learned is also provided. In the third chapter the results and 
observations of experimentation are given. Generalized details about progress of the DOE are 
given to provide the decision making behind parameter modification of the DOE matrix. The 
fourth and final chapter provides conclusions and recommendations for next steps and future 
work. 
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CHAPTER 2.    DESIGN OF EXPERIMENTS AND EXPERIMENTAL METHODS 
2.1. Introduction 
Development of the initial experiments and the subsequent design of experiments 
(DOE) matrix are given in this chapter. The development of the experimental plan and the 
metrics used in the DOE are based off several key decision steps and critical thinking 
processes. These steps and critical thinking processes are: (a) definition of the research 
subject and objectives, (b) selection of system responses, (c) selection of factors, factor 
levels, and the center points, (d) preliminary screening of factors, and (e) screening of factors 
by initial experimentation and investigation [84]. Each of these steps are presented in this 
study. Comparison of the process researched in this study will be made against traditional 
processing techniques commonly used in the industry. The traditional method is described in 
the following section.  
Processing of a wide range of soy-based soapstocks and wet gums (otherwise known 
as feedstocks) is traditionally practiced using stirred tank batch reactors. These vessels are 
operated in a way such that they are multifunctional, that is to say the entire process from 
acidulation of the feedstock to separation and recovery of oil is performed in the same vessel. 
Processing begins by loading the batch tanks with feedstock from trailers or rail cars. 
Depending on the availability of feedstock it is common for a batch tank to be loaded with 
two or more different feedstocks (i.e. feedstocks from different vendors). Once loaded the 
batch tanks are heated using direct steam injection and are stirred with tank agitators. 
Temperature of the feedstock is raised to between 80 and 95 deg. C. Once this temperature is 
reached the pH is adjusted within the range of 1.0 to 2.5 by the addition of concentrated 
sulfuric acid or other acid. Agitation is continued for between 15 minutes and 2 hours. After 
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mixing, the acidulated feedstock is allowed to separate for between 15 and 30 hours. 
Typically 18 hours is used. At the end of this time the separated oil is recovered and 
transferred to be further purified, residual emulsion is transferred to other separation tanks to 
recover additional oil, and acid water is transferred to storage tanks. 
The process described above is taken as a reference condition for comparison to the 
process researched in this study. It is meant to serve as a baseline for determination of 
whether the proposed process has improvements with respect to the response criteria 
described next. 
2.2. Selection of System Responses 
Selection of the appropriate system responses was performed after careful 
consideration of both economic and technological aspects of the research subject presented in 
this study. This research subject is very much so an exercise in process improvement and the 
system response metrics must be selected to capture key aspects of the challenges discussed 
in the literature review. Therefore, there are three response criteria selected for this study, (a) 
the total fatty acid (TFA) recovery in oil phase, i.e. the oil yield, (b) the rate of oil separation, 
and (c) oil quality, which in itself is made of several criteria.  
The oil yield is defined as the ratio of the amount of TFA recovered from the 
feedstock in a separated oils phase to the amount of TFA available in the feedstock. This has 
the functional form, 
𝑌𝑇𝐹𝐴,𝑟𝑒𝑐 =
𝑚𝑇𝐹𝐴,𝑟𝑒𝑐
𝑚𝑇𝐹𝐴,𝐹𝑆
=
𝑥𝑇𝐹𝐴,𝑟𝑒𝑐𝑚𝑜𝑖𝑙,𝑟𝑒𝑐
𝑥𝑇𝐹𝐴,𝐹𝑆𝑚𝐹𝑆
≡ 𝑅1 
where, 𝑌𝑇𝐹𝐴,𝑟𝑒𝑐 is the yield of TFA in the oil phase, 𝑚𝑇𝐹𝐴,𝑟𝑒𝑐 is the mass of TFA recovered in 
the separated oil phase, 𝑚𝑇𝐹𝐴,𝐹𝑆 is the mass of TFA in the feedstock, 𝑥𝑇𝐹𝐴,𝑟𝑒𝑐 is the mass 
fraction of TFA in the recovered oil, 𝑚𝑜𝑖𝑙,𝑟𝑒𝑐 is the mass of separated and recovered oil, 
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𝑥𝑇𝐹𝐴,𝐹𝑆 is the mass fraction of TFA in the feedstock, 𝑚𝐹𝑆 is the mass of feedstock, and 𝑅1 is 
the response identifier. The oil yield response is the most important metric. This is because 
the oil yield captures the effectiveness of the process conditions for recovery of TFA from 
the feedstock and has the highest economical influence. As will be discussed below, this will 
be the only response metric considered in the design of experiments (DOE). 
 The rate of oil separation is defined as the amount of oil which has coalesced and 
formed a distinct phase within a specific amount of time. This has the simple function form, 
?̇?𝑜𝑖𝑙 =
∆𝑚𝑜𝑖𝑙,𝑟𝑒𝑐
∆𝑡
=
𝑚𝑜𝑖𝑙,𝑟𝑒𝑐(𝑡2) − 𝑚𝑜𝑖𝑙,𝑟𝑒𝑐(𝑡1)
𝑡2 − 𝑡1
≡ 𝑅2 
where, ?̇?𝑜𝑖𝑙 is the rate of oil separation, ∆𝑚𝑜𝑖𝑙,𝑟𝑒𝑐 is the difference in separated oil mass at 𝑡2 
and 𝑡1, ∆𝑡 is the elapsed time, and 𝑅2 is the rate of oil separation response identifier. This 
response metric is correlated with the oil yield metric because without the slightest degree of 
separations there would be no oil yield. Additionally, given an indefinite amount of time, due 
to the nature of the feedstock emulsions, phase separations would occur and likely result in 
complete yield recovery (assuming no degradation of the TFA over that vast time). Thus 
there exists a certain level of dependency of the oil yield metric on the rate of oil separations 
response metrics. Unfortunately, 𝑅2 is not easily measured because direct observation of the 
phase separations cannot be made with the test system used in this study. It can be indirectly 
measured by sampling at various locations in the batch reactor and at different times. This 
method, however, is very tedious and cannot be performed simultaneously with the 
experiments in the DOE because (a) the sampling removes separated mass from the reactor 
and (b) the removal of separated mass requires that the mixing be stopped. Therefore the only 
method to determine rate of separation using the batch reactor system is by measuring the 
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recovery at specific times (i.e. after specific residence times). The decision to remove the rate 
of separation metric from the system responses is then made. 
 The oil quality metrics are: (a) acetone insolubles, (b) hexane insolubles, (c) moisture 
and volatile matter, (d) impurities, (e) free fatty acids concentration, and (f) unsaponifiables. 
These quality metrics help determine how pure the separated oil is from each experimental 
condition in the design of experiments. These quality metrics are described in more detail 
later on in this chapter, however some basic insights and relationships are given here. All 
these quality metrics, with the exception of the free fatty acid concentration, help quantify the 
non-oil components in the recovered oil phase. These non-oil components are critical metrics 
in final product quality and specifications. Additionally, these quality metrics are important 
for downstream processes which further purify the recovered oils. Quantifying these metrics 
is based on simple mass fraction relationships as follows, 
𝑥𝑖,𝑟𝑒𝑐 =
𝑚𝑖,𝑟𝑒𝑐
𝑚𝑜𝑖𝑙,𝑟𝑒𝑐
≡ 𝑅𝑖 
where, 𝑅𝑖 is the experimental response for the 𝑖
𝑡ℎ quality metric, 𝑥𝑖,𝑟𝑒𝑐 is the mass fraction of 
the 𝑖𝑡ℎ quality metric in the recovered oil, 𝑚𝑖,𝑟𝑒𝑐 is the mass of the 𝑖
𝑡ℎ quality metric in the 
recovered oil, and 𝑚𝑜𝑖𝑙,𝑟𝑒𝑐 is the mass of the separated and recovered oil. The quality metrics 
are analyzed in every experimental test and are reported. However, unless it’s seen from 
experimentation that these quality metrics are far outside the normal values obtained from the 
control experiments, these response criteria are not given the same weight as the oil yield 
response. Therefore, the oil quality response criteria may not be used in determination of 
success of the process. If it’s seen that there is indeed major differences in the oil quality 
metrics more weight will be given. To help minimize the number of quality responses 
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thereby reducing the complexity of analysis around the experimental results the Pearson 
correlation may be applied. The Pearson correlation has the following functional form, 
𝑟𝑌𝑖𝑌𝑗 =
∑ (𝑌𝑖,𝑢 − ?̅?𝑖)(𝑌𝑗,𝑢 − ?̅?𝑗)
𝑁
𝑢=1
√∑ (𝑌𝑖,𝑢 − ?̅?𝑖)
2𝑁
𝑢=1 ∑ (𝑌𝑗,𝑢 − ?̅?𝑗)
2𝑁
𝑢=1
 
where, 𝑟𝑌𝑖𝑌𝑗  is the Pearson correlation, 𝑌𝑖 and 𝑌𝑗 are the response values for the 𝑖
𝑡ℎ and 𝑗𝑡ℎ 
response metric respectively, ?̅?𝑖 and ?̅?𝑗 are the response value means for the 𝑖
𝑡ℎ and 𝑗𝑡ℎ 
response metric respectively, and 𝑁 is the number of experimental runs measured. Based on 
expertise from researchers in the industry and on relationships inherent to the testing it’s 
hypothesized that a correlation will exist between some or all of the quality metrics. If the 
Pearson correlation shows a strong relationship, the factor response may be lumped into one 
response. It’s important to note again the critical response metric considered is the oil 
recovery metric. 
2.3. Research and Experimental Factors 
In order to establish the final set of experimental factors an investigation is made into 
all possible factors which may have some influence on the experimental response. The 
thought process here is one in which an exhaustive list is made of all potential variables and 
factors which are considered to have any influence on the selected response and then begin to 
eliminate them from the list by objective reasoning. This elimination process is performed 
based on experience from experts in the industry or other insights (i.e. literature reviews) and 
will be presented in a later section. Table 2.1 gives a list of the possible experimental factors 
developed during several brainstorming sessions which could influence the experimental 
responses. This list has been categorized to show where the factor originates (i.e. how it 
enters into the experimental system). 
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Table 2.1. Potential experimental factors which may influence the experimental responses. 
These factors are differentiated as either Controlled (C) or Uncontrolled (U) under the 
“Type” column header.  
Feedstock and Reagents Type Test System Type 
Composition Variability (Vendor)   Utility Conditions   
     Water U      Heat Flux C 
     FFAs U      Leaching of Metals U 
     PLs U Reaction Conditions   
     AGs U      Temperature C 
     Salts/Minerals U      Residence Time C 
     Protein U      Pressure C 
     Carbohydrate U      pH C 
     pH U      Impeller Type C 
Rheological Characteristics        Agitation Speed C 
     Shear-thinning U      Mass of Feedstock C 
     Shear-thickening U      Settling Time C 
     Newtonian U      Viscosity U 
Acid Reagent   Ambient Conditions   
     Acid Type C      Temperature U 
     Acid Concentration C      Pressure U 
     Acid Addition  C      Humidity C 
Base Reagent   Storage Conditions   
     Base Type C      Time C 
     Base Concentration C      Temperature C 
     Base Addition C      Container MOC C 
 
 It’s critical that the selection of factors used in the DOE matrix are singular [84]. 
During the preliminary screening of factors, factors will be eliminated if it’s determined they 
are not independent from other factors. This will allow compression of the factor domain 
thereby reducing the size of the DOE matrix while maintaining the inclusion of influential 
manipulated parameters. Factors will be selected which are also controllable, of high 
measurement precision, and concordant [84]. It’s very important to note that the size of the 
DOE matrix is especially important in this research subject because of insights made 
previously with respect to the inherent stability of the feedstock emulsion. The feedstocks in 
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this research subject are susceptible to alteration in both composition and physical properties 
during storage, which causes changes in the original emulsion properties; stress is placed on 
the physical property changes. This is an effect of bioactivity which causes changes in pH 
and composition. Therefore efforts are made to limit the size of the DOE such that storage 
time of the feedstocks is kept to a minimum and potential variability from bioactivity is kept 
negligible. The choice of categories in Table 2.1 serve as sources for factors and allow a 
better visualization of where the factors originate. With this a better understanding of how 
the factors may influence the response criteria is made. 
2.4. Preliminary Screening of Factors 
 Elimination of factors which have negligible influence on the selected response 
criteria is given in this section. The methods used to determine preliminary factor influence 
and elimination are primarily experiential and based off experts insight and opinion in the 
field. Additionally, factors will be preliminary screened based on their manipulability. This 
last requirement will meet the criteria of selecting controlled factors. 
 In order to begin preliminary screening the factors are differentiated into two types, 
controlled and uncontrolled. Table 2.1 shows this categorization of the factors into controlled 
and uncontrolled. Rationalization for association of the factor types is given next. 
 Ambient conditions are those factors in which the experimental system is in general 
contact with. Both temperature and pressure of the surrounding environment are considered 
here, as well as the room humidity. Because the experimental systems used in this study are 
fully capable of isolating the feedstock and reagents from the environment in addition to the 
fact these factors are not controlled, they are eliminated from the initial DOE matrix.  
 Utilities like heat transfer fluid (HTF) temperatures and flow rates and electric 
heating mantle surface temperature and heat duty are designed to be sufficient at all 
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processing conditions. The minor fluctuations in these utilities likely will be negligible 
compared to the effects of the major factor changes. Additionally, these minor fluctuations 
are not controllable and are inherent in the operation of the equipment. On another note, the 
influence of leached metals into the process fluid due to corrosion or other mechanisms is 
likely negligible as compared to the major factor changes. This factor also is uncontrolled. 
The factors just discussed will be measured to a certain level, however, they will not be 
controlled. As such, these factors may be eliminated from the DOE matrix. 
 Conditions in which the feedstock samples are kept during storage are especially 
important to the final factor-response relationships. This is due to the susceptibility of the 
feedstock to biological activity. Insights from experts in the field note that fermentation is a 
very common issue with the feedstocks produced from VORs. Fermentation of the 
feedstocks results from acidogenic bacteria activity, specifically lactic acid bacteria (LAB) 
[85], and results in (a) the lowering of pH, (b) separation of an aqueous phase, (c) creaming 
and formation of an oil-rich emulsion, (d) and highly inconsistent viscosities. The most 
impractical complication of fermentation is the distinct phase separation of water and the 
resulting homogeneity issues. The effects of fermentation on feedstocks doesn’t occur 
consistently in time, however, it is uncommon for the effects to become substantial within 24 
hours of receiving the feedstock. The activity of LAB may be suppressed or avoided by, (a) 
cooling samples below 10 deg. C by storing in a refrigerator, (b) addition of inhibitors such 
as sodium azide, and/or (c) quick use of the samples. Cooling samples is practical and can be 
performed with a high degree of reproducibility (i.e. the feedstock samples can be stored in 
the same way) which allows elimination of nuisance variables. Testing of the samples in a 
timely manner is limited by the number of trials required by the DOE. The more factors in 
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the DOE matrix the greater the number of trials required and therefore the amount of time 
required to complete the set. The use of sodium azide is more cumbersome because of the 
hazards of the chemical. This makes it not so practical to use in preserving the original state 
of the feedstock. Storing the samples in a cold environment above freezing, to avoid the 
freeze-thaw issues, is selected if it is not possible to complete the DOE matrix within two or 
three days. 
 The composition of the feedstock samples used in this study is considered 
uncontrolled but to a certain degree measureable. Compositional changes make up the largest 
degree of variability in the feedstocks as was discussed in the literature review. This is 
evident not only because of the processing differences amongst the vendors but also due to 
variations within a specific vendor caused by variations in the CSO composition and inherent 
processing differences associated with CSO composition. The degree of variability will be 
discussed further in the next chapter. Although it’s possible to manipulate the concentration 
of components in the feedstocks (e.g. moisture, oil content, PLs, salts, etc.) this decision is 
not considered practical at larger scales and is avoided. This is because alteration of the 
composition requires the addition of new materials and process steps which increases the 
level of complexity in the decision making for a full scale design. More importantly, it’s 
desired to learn the effect of the proposed process on the feedstock as it is rather than in any 
modified form. As stated previously, the composition of the feedstock samples will be 
measured for specific component classes to allow for determination of oil yield, moisture 
content, PL content, etc. but the composition will not be factored into the DOE as controlled 
factors.  
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 Conversion of soaps to free fatty acids and reduction of the pH is accomplished using 
acidic reagents. The type, addition ratio, and concentration of the acid are all controllable 
factors. The acid type is chosen to be sulfuric acid and is kept constant throughout the study. 
Sulfuric acid is chosen because it’s a very common inorganic acid, is relatively cheap, and 
within the scope of an initial full scale design of the process, is well established with respect 
to handling experience. The sulfuric acid concentration is also kept constant at 95 w% 
throughout the study. Having both the acid type and concentration fixed, these factors may be 
removed from the DOE matrix. The addition ratio, however, is of high interest in the DOE 
matrix. The addition ratio is defined as follows, 
𝑟𝐴 =
𝑚𝐴𝑐𝑖𝑑
𝑚𝐹𝑆
=
?̇?𝐴𝑐𝑖𝑑
?̇?𝐹𝑆
 
where, 𝑟𝐴 is the addition ratio of acid, 𝑚𝑎𝑐𝑖𝑑 is the mass of acid added, and 𝑚𝐹𝑆 is the mass 
of feedstock used in the process. As shown in the equation above, the ratio is applicable to 
continuous systems as well. The addition ratio is very closely tied with the final solution pH. 
This is quite obvious given the nature of acids in solution and suggests that there exists a 
dependency of the final solution pH with the acid addition ratio. However, the acid addition 
relationship to final solution pH can deviate due to feedstock composition and therefore is 
not wholly dependent. This deviation can be caused by several factors including, (a) the 
initial soaps concentration, (b) the presence of short chain organic acids and their 
concentration, (c) the presence and concentration of phosphoric acid or other acid used in the 
VOR degumming or acid conditioning process, (d) the presence and concentration of sodium 
hydroxide or other base, and (e) the presence and concentration of various salts and minerals. 
The complexity and variability of feedstock composition does not allow, at current, 
thermodynamically accurate models predicting the solution pH as a function of the acid 
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addition ratio and the constituents’ concentration. This becomes even more difficult with 
variations in the process conditions, especially temperature. Concluding the rationalization, 
this is the relationship that exists and shows factor dependency between the acid addition 
ratio and the final solution pH. Therefore, the elimination of the final solution pH from the 
DOE matrix is justified. 
 As discussed in the literature review, caustic (sodium hydroxide) is sometimes used 
to completely saponify the AGs and PLs present in feedstocks. Saponification of the 
feedstocks could lead to reduced residual emulsion stability given the hydrolysis of AGs and 
PLs. Base type, concentration and addition ratio are important factors to consider in the 
saponification experimental setup. As with the acid reagent factor screening, the base reagent 
factor screening set can be limited to a single base type, sodium hydroxide. Sodium 
hydroxide is chosen because it is a very common industrial reagent and it’s relatively 
inexpensive. The sodium hydroxide concentration may also be held constant at the saturation 
limitation of aqueous sodium hydroxide solutions. It’s best to use liquid solutions of sodium 
hydroxide for ease of handling and injection into the feedstock during experimentation. Also, 
this conforms with common industrial concentrations of the sodium hydroxide solution. The 
concentration of sodium hydroxide used is held at 50 w%. Concerning the addition ratio of 
base, the same definition applies as was used with the acid addition ratio and has the form, 
𝑟𝐵 =
𝑚𝐵𝑎𝑠𝑒
𝑚𝐹𝑆
=
?̇?𝐵𝑎𝑠𝑒
?̇?𝐹𝑆
 
As was discussed with the acid addition ratio the solution pH after addition of base will be 
dependent on feedstock composition and the base addition ratio. The elimination of an upper 
solution pH may be made following that logic. It’s important to note, that the acid addition 
remains a vital step in order to recover oil from the feedstock samples following 
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experimentation. Unlike in the acid addition experimentation, the saponified feedstock will 
be acidulated under the experimental control conditions with the exception that the target 
final pH metric will be used rather than the acid addition ratio and the separation time is held 
at 2 hours after reaction. 
 The feedstock fluid behavior is highly complex and variable. As discussed in the 
literature review, emulsions like by-products from VORs (i.e. the feedstocks in this research 
study) may have a wide degree of rheological behaviors due to compositional and processing 
variations during their production. Not only are there initial state rheological variations there 
are also variations with processing conditions. Such processing conditions include, (a) pH, 
(b) temperature, and (c) shear input. Changes in pH of the emulsion and its influence on the 
rheological behavior thereof has a very interesting effect. The same feedstock, when 
undergoing pH changes from the addition of sulfuric acid, can become shear thickening (i.e. 
dilatant), shear thinning, thixotropic, or rheopectic. This behavior certainly may have an 
influence on the dispersion of reagent into the feedstock as well as influence on the 
separation and recovery of oil. However, the rheological behavior is incredibly complex and 
requires a much deeper level of fundamental insight, outside the scope of this study, in order 
to make predictions about the behavior to allow control in the experiment. This means the 
factors arising from rheological behavior are uncontrolled and therefore removed from the 
DOE matrix. As will be discussed the impact from the rheological factors will be lumped into 
an agitation factor.   
 The process conditions used in experimentation make up the bulk of controlled 
factors that will be used in the DOE matrix. Of the process conditions listed in Table 2.1 only 
the viscosity factor is uncontrolled. The elimination of this factor was discussed previously. 
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The remaining factors include, (a) process fluid temperature at reaction, (b) overall residence 
time, (c) pressure of the reactor during experimentation, (d) target process fluid pH, (e) the 
type of impeller used for agitation of the process fluid during experimentation, (f) agitation 
speed which is related to the shear rate, (g) mixing time allowed prior to separations time and 
collection of the separated oil phase, and (h) mass of the feedstock. The feedstock mass in the 
batch reactor tests system, and volumetric flow rate in the tubular reactor test system, is kept 
around 900 grams and 0.30 GPM, respectively. This helps eliminate issues which might arise 
due to volume and reactor geometry as it relates to mixing dynamics within the batch reactor. 
A smaller or larger volume in the batch reactor may cause variations in the mixing of the 
feedstock as the impeller heights are not changed to compensate for the difference in 
feedstock mass and therefore the volume. Keeping the feedstock mass, and mass flow rate, 
approximately the same between trials will alleviate these potential issues during testing. pH 
of the processed feedstock is replaced with the acid addition ratio as was discussed 
previously and this factor is removed from the DOE matrix. The impeller type factor captures 
the size and shape of the mixing impeller(s) used along with the number of impellers and is a 
very important factor in this study. The design of the impellers or the static mixers may have 
a large influence on the dispersion and stability of the processed feedstock thus impacting the 
oil recovery response metric. As discussed in the literature review, emulsions are stabilized 
by the action of several parameters of which shear rate, which induces turbulence in the 
feedstock and breaks the dispersed phase into smaller and smaller droplets, and time of 
mixing aid dispersion of the oil droplets and potentially the emulsion stability. With respect 
to the batch experimental system discussed later on, the impeller type will be kept the same 
across the DOE. An agitator having two, four blade 45 degree pitched turbine impellers set at 
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specific heights on the agitator shaft will be used. The continuous tubular reactor will use a 
constant style of static mixer, namely the Stamixco type GX mixers. The agitation speed 
dictates the shear rate for a given impeller type and therefore is an important variable to 
consider. This factor is difficult to measure and control in the continuous reactor and 
therefore will not be of primary focus. Rather, the continuous system will operate at a 
constant flow rate with variation in the number of static mixers used, giving the ability to test 
the impact of a degree of mixing factor. 
 The influence of pressure on the response metrics is hypothesized to be small or 
nearly negligible. The pressure metric will be investigated during the initial set of 
experiments to determine its impact and then it will be removed from the DOE matrix. 
However, it’s important to note that the pressure of the system at various process conditions 
will change. This is due to the water and other volatile components in the feedstock vapor 
pressure relationships with temperature. Therefore, the pressure factor is not necessarily 
singular. It has a dependency on the system temperature. This makes it difficult to decouple 
the effect of pressure from temperature at low and high factor levels. The dominant volatile 
species in feedstocks is water and therefore the total pressure is heavily influenced by the 
partial pressure of water. This allows prediction of the system pressure and fixation of the 
pressure factor at the highest calculated pressure (i.e. at the highest factor level for 
temperature) in the DOE after learning the impact of this factor on the response metrics.  
 The process temperature is a very important factor under consideration in this study. 
It’s hypothesized that the temperature will have a major influence on the stability of the 
feedstock and therefore on the oil recovery response metric. The temperature factor will be 
kept throughout the DOE matrix. 
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 The remaining factors are then the overall residence time and mixing time. A 
difference is made which essentially breaks the residence time of the overall process into two 
sections which are distinguished from one another by the mixing time. The first part of the 
residence time is given to the mixing time after the addition of reagent or after the set point 
temperature has been reached. This defines time zero or the beginning of the overall 
residence time. The second part of the residence time is assigned to the separation time. The 
separation time defines the amount of time given to allow for separation of the oil and water 
phases following mixing. The separation time for the experimental control is held constant at 
18 hours with an overall residence of 18.5 hours, giving 0.5 hours or 30 minutes for the 
mixing time. Within the initial experiments, the separation time will be varied to investigate 
the influence of the factor on the oil yield. However, after these initial experiments the 
separation time portion of the residence time will be held constant and the mixing time will 
be varied.  
 Given the preliminary screening of factors, seven factors remain. Table 2.2 shows the 
remaining factors and assigns the factor designations. As was discussed, a few of the 
remaining factors will be further screened through initial experimentation to focus on the 
hypothesized key factors and to help minimize the size of the DOE matrix. The remaining 
factors which will be investigated first include, (a) pressure, X2, (b) separation time, X3 (c) 
agitation speed, X5, and (d) the base addition ratio, X7. Temperature, mixing time, and the 
acid addition ratio are the factors hypothesized to have the largest influence on the response 
criteria. These factors will make up the DOE matrix following preliminary screening factors 
and active screening of factors through experimentation.  
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Table 2.2. Primary factors after the preliminary screening of factors. The index column 
gives the factor designation value. 
Factor Index 
Temperature X1 
Pressure X2 
Separation Time X3 
Mixing Time X4 
Agitation Speed X5 
Acid Addition Ratio X6 
Base Addition Ratio X7 
 
 Having discussed the factors which make up the experimental parameters list the 
center point condition may be defined. The next section will discuss the reference conditions. 
2.5. Experimental Control, Factor Levels, and Initial Center Point Condition 
The traditional acidulation process and processing conditions which have been 
discussed in previous sections can be replicated at the bench scale. These conditions will 
define the experimental control which will be used to determine if the process examined in 
this study is truly advantageous or at least how it differs. The same response criteria will be 
analyzed in the control experiment as will be used in the experiments from the DOE. Table 
2.3 shows the conditions of the experimental control. 
The control experiment will not act as the initial center point condition because the 
factor levels, specifically temperature and pressure, which will be used in the DOE are 
centered on the higher temperature application and therefore the control conditions are not 
orthogonal. The lower bound of the initial temperature and pressure factor levels will be 
higher than the control experimental conditions and the center point condition will adjust 
above this level as experiments are performed. 
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Table 2.3. Control experimental conditions. These are the conditions which will be 
compared against for efficacy of the process conditions from the DOE. *1 – the impeller type 
and number is the same amongst all experiments (i.e. 2 impellers, 4 blade 45 degree pitched 
turbine type). 
Factor Control Value 
Temperature 90 deg. C 
Pressure 1 atm 
Settling Time 18.0 hours 
Mixing Time 30 mins 
Agitation 400 RPM 
Impeller Type *1 
Feedstock Mass 900 g 
Acid Type Sulfuric Acid 
Acid Addition Ratio 4.5 
Acid Concentration 18.0 M 
 
The initial center point condition of the experiment has been determined somewhat 
arbitrarily. Considerations from the literature review and from final constraints set on 
implementation of a full scale system allowed definition of the factor level upper and lower 
bounds on the temperature and pressure. The upper temperature and pressure factor levels are 
initially set at 175 deg. C and 300 psig, respectively. The lower temperature factor level is 
initially set at 125 deg. C. The corresponding pressure factor level is set to be the vapor 
pressure of water at 125 deg. C plus 20 psig. The additional 20 psig is made to ensure no 
initial boiling effects in the reactor while heating. This sets the initial lower bound pressure at 
approximately 75 psig. As will be discussed in more detail, the pressure will be studied first 
and then held constant after learning its effect on the response criteria. The same is true for 
other factors including the separation time, agitation speed, and base addition ratio. Table 2.4 
gives the factor intervals/levels for the initial DOE matrix. The information in this table has 
been generated after the screening of factors experiments. 
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Table 2.4. Factor levels for the initial DOE following the screening of variables. (-1) 
indicates the low factor level, (0) indicates the center point, and (+1) indicates the upper 
factor level. *1 – the impeller type and number is the same amongst all experiments (i.e. 2 
impellers, 4 blade 45 degree pitched turbine type). 
Factor 
Factor Intervals Variation 
Interval -1 0 +1 
Temperature (deg. C) 125 150 175 25 
Pressure (psig)  120  --- 
Settling Time (hrs)  2  --- 
Mixing Time (min) 10 30 50 20 
Agitation Speed (RPM)  200  --- 
Impeller Type  *1  --- 
Feedstock Mass (g)  900  --- 
Acid Type  Sulfuric Acid  --- 
Acid Addition Ratio (w%) 2.0 4.5 6.0 1.5 
Acid Concentration (M)   18.0   --- 
 
2.6. Experimental Setup, Initial Experimental Plan and Screening of Factors 
From the preliminary factor screening seven factors remain. If these seven factors 
were to remain the number of experimental trials required for each experimental set would 
be: 
𝑁 = 𝑁0 + 𝑝
𝑘 = 𝑁0 + (2 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙𝑠)
7 𝑓𝑎𝑐𝑡𝑜𝑟𝑠 = 𝑁0 + 128 𝑡𝑟𝑖𝑎𝑙𝑠 
where, 𝑁0 is the number of center points, which is 1 for each experimental set or block in the 
full factorial DOE used in this study. By eliminating a single factor the number of trials drops 
to 𝑁 = 𝑁0 + 64. As was discussed previously, of the seven remaining factors four will be 
studied initially to learn their effects on the oil yield. This will be done using partial DOEs or 
by simple comparative studies. If it’s noticed there is a substantial impact of the factor on the 
oil yield, and that this factor can be easily optimized it will be included in the DOE. 
However, if the effect is not substantial or shows factor-response curvature it will be set at a 
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point close to the optimum and held constant. If this is possible then four factors can be 
eliminated and the number of trials per experimental set decreases to, 
𝑁 = 2 + 23 = 10 𝑡𝑟𝑖𝑎𝑙𝑠 
The use of a simple comparative design or partial DOE is applied in this study for the 
screening of factors due to, (a) the number of factors, (b) limitations on the budget for the 
project, (c) preservation of the samples during storage (i.e. the time available to test the 
feedstocks), and (d) the hypothesis that only a few of the factors studied will have any major 
impact on the response metrics. After investigation of the factors in the screening of factors 
experimentation set, the DOE will focus onto the 3 major factors mentioned: temperature, 
mixing time, and acid addition ratio.  
2.6.1. Pressure Effect 
Because the end goal of the project is to test feasibility of a processing method for 
treatment of VOR by-products at plant scale the pressures during experimentation will be 
kept within a lower operating range. This is done because it’s not desired, for capital 
investments reasons, to construct systems using high pressures and therefore require special 
high pressure equipment. However, some experiments will be performed to test relatively 
high pressures and determine the effects on the response criteria.  
The pressure-temperature relationship cannot be separated at high temperature factor 
levels but it can be separated at low temperature factor levels. Pressure is an inevitable 
counterpart to liquid phase reactions carried out above the bubble point temperature if the 
reactor contents are to remain in the liquid phase. The pressure-temperature relationship, not 
the interaction with respect to the DOE factor relationships, is known for feedstocks and is 
simply the saturated vapor pressure of water. Although, this in reality will likely depart from 
pure liquid component properties. Pressure will likely not have an effect on the oil yield but 
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nonetheless it will be tested to show if there is any influence. The pressure will be varied 
against the center point and will not be compared to any other factor and repeated to ensure 
response measurements are within the allowable experimental error. The effect of pressure 
can then be monitored. If it shows a strong effect on the oil yield, the factor will be 
quantified, held at the optimum pressure, and removed from the DOE. 
2.6.2 Base Addition Ratio Effect 
Basic reagent will likely not be a function of pressure or residence time. The base 
reagent can then be investigated based off the interaction with mixing time and the 
temperature. This gives experimental tests with only 10 trials. Table 2.5 gives the DOE for 
this. 
Table 2.5. DOE matrix for the base addition ratio effect. The factor codes are: X1 – 
temperature, X4 – mixing time, and X7 – base addition ratio. 
Trial # 
Factors 
X1 X4 X7 
1 - - - 
2 + - - 
3 - + - 
4 + + - 
5 - - + 
6 + - + 
7 - + + 
8 + + + 
 
The factor levels used for the base addition ratio experiments are given in Table 2.6. As 
noted the process must use an acidulation step in order to produce oil to be recovered. Rather 
than using a predetermined acid addition ratio, a final solution pH will be targeted. This 
value is set to 1.5 pH. 
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Table 2.6. DOE matrix for the base addition ratio factor effect.  
Factor 
Factor Intervals 
Variation Interval 
-1 0 1 
Temperature (deg. C) 125 150 175 25 
Pressure (psig)  120  --- 
Settling Time (hrs)  2  --- 
Mixing Time (min)  30  --- 
Agitation Speed (RPM)  200  --- 
Impeller Type  *C  --- 
Feedstock Mass (g)  900  --- 
Base Type  Sodium Hydroxide  --- 
Base Addition Ratio (w%) 0.5 1.5 2.5 1 
Base Concentration (M)  19.4  --- 
Acidulation pH   1.5   --- 
 
 From the literature review there is some mention of the influence of high pH on the 
viscosity of the treated material. If viscosity becomes an issue in these experiments there will 
be no attempt at mitigating it by the addition of water or other viscosity reducing agent. 
Therefore, if viscosity is too problematic the base addition ratio study will be eliminated. 
2.6.3. Agitation Speed Effect 
 The effect of the agitation speed, and therefore the shear rate, on response could be 
quite complex in the processing of the emulsions investigated in this study. This factor is 
worth investigation in the overall DOE but it’s hypothesized that it may be too complex and 
have too much inherent variability due to the feedstock variability. For this reason the 
agitation speed will be investigated during initial experimentation and then held constant at a 
value based off these initial results. From the literature review and from expert input 
feedstocks tend to thicken up when adjusted to high pH. The agitation speed for acidulation 
already seems to have an “optimum” based off traditional processing but it is worth 
investigating the effects of higher temperature reactions on this factor.  
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2.6.4. Separation Time Effect 
 The effect of separation time on the oil yield is hypothesized to also have a somewhat 
complex relationship. There are other factors which impact the dynamics of rate of separation 
of the oil and aqueous phases. The complexity of these factors dives much deeper into the 
fundamental relationships which cause stabilization of the emulsions studied in this research 
and is outside the scope. The separation time factor-response relationship will be investigated 
in the initial experiments to learn to what magnitude the separation time factor has on the oil 
yield. After these initial experiments this factor will remain constant.   
2.7 Initial Experiments and Execution of the DOE 
Experiments will be performed on two different types of feedstock from two vendors. 
The vendors will be coded as vendor A DGSS and B GSS. The feedstocks from vendor A 
and B are degummed soapstock and gummed soapstock, respectively. The feedstocks from 
these vendors will be tested as best as can be done within the same time period (i.e. such that 
the experiments don’t span over the course of a full year), so as to eliminate issues dealing 
with common seasonal differences as discussed in the literature review. Several experiments 
will be performed to show repeatability of the response results. This will be done over the 
time expected to complete the DOE in order to eliminate, if applicable, the effect of storage 
time on the samples. Additionally, the repeatability experiments will be performed in order to 
determine level of control on the selected factors and if there are other factors which need to 
be considered.  
The initial experiments carried out will be performed using a continuous flow tubular 
reactor bench scale test system. The tubular reactor will not have the same flexibility when it 
comes to implementation of the DOE as will the batch reactor test system, but certain factors 
from the DOE will be tested. These include temperature and mixing. Pressure will be 
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difficult to control as this will be a function of both the vapor pressure and viscosity of the 
feedstock before and after acid addition. Therefore the pressure factor is not studied. 
Residence time in the tubular reactor will kept constant. Base addition will not be 
investigated. The static mixer type will be kept constant and only the number of mixers used 
will be changed.  
Several iterations will be performed to determine uncontrolled feedstock variability 
effects across the DOE. If the process methods investigated in this research are highly 
influential on the oil yield the impact from the uncontrolled feedstock variables will be 
marginal. However, if there is substantial effect then there are other more fundamental 
factors which must be considered and studied. Initial experiments used in the batch reactor 
test system will first focus on the effect of pressure on the oil yield. These will be performed 
against a constant temperature factor (i.e. the center point temperature). All other factors will 
also be held constant at the center point conditions. Following this evaluation the pressure 
will be held constant for the remainder of the DOE. With the pressure factor evaluated the 
base addition ratio will be investigated. 
The base addition ratio will be studied using a 23 factorial DOE. Initial experiments 
will be performed using an addition ratio percentage of 0.5 w%. Following this, assuming 
that there are no major hurdles, several iterations of the experiments will be performed to 
validate repeatability of the factor variations and the influence on the oil yield.  
The agitation speed factor will be studied against the two types of feedstocks. The 
agitation speed will be varied with the temperature factor while holding all other factors at 
the center point conditions. Results on the response criteria will be analyzed and an agitation 
speed will be selected. 
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The influence of separation time on the response criteria is investigated during these 
initial experiments. Separation time is varied with temperature over several experiments. The 
selection of the separation time used in the DOE after these initial experiments is determined 
by the change in oil recovery between the variations in the factor levels. If the variation in the 
oil recovery values are low the shorter time will be selected.   
The DOE experiments will be performed in a randomized way each time the DOE is 
iterated or renewed. This is to help reduce the effect of the uncontrolled factors and nuisance 
factors on the oil yield results. A few examples of this include (a) transient heat time 
reduction during heating of the feedstock to the DOE set point temperature caused by a pre-
warmed mantle heater on the batch test system, (b) feedstock temperature reduction or 
increase from sitting in ambient conditions prior to testing which may cause heat time to 
reduce or increase, or (c) deviations in the cooling water temperature which may cause 
cooling time to increase or decrease. Randomization of the experimental list is accomplished 
by using a random number generator coded to populate the trial numbers into an 
experimental list sequence.  
2.8 Experimental Equipment 
The experimental systems utilized in this study were: (a) continuous tubular flow 
reactor with inline mixing, and (b) pressurized agitated batch reactor. The continuous reactor 
was chosen and designed to give insight into the flow and transport behavior of the feedstock 
at temperature and pressure as well as give insight into inline addition/injection and mixing 
of acid with feedstock through inline static mixers. The batch reactor was chosen and 
designed to give better control and flexibility of the factors and factor levels. Specifically the 
separation time, agitation speed and time, and acid addition ratio factors are much better 
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controlled in the batch system as will be seen after insights made from the initial experiments 
with the continuous flow tubular reactor.  
2.8.1. Tubular Flow Reactor Equipment 
A bench scale tubular reactor test system was designed to continuously process 
feedstock at temperature in excess of 100 deg. C and pressures above atmospheric. The 
continuous system consisted of the following: (a) 10 gallon SS316L atmospheric holding 
tank, (b) internal gear transfer pump, (c) pressurized charge tank, (d) SS316L external gear 
feedstock pump, (e) SS316L oval gear flow meter for high viscosity fluid, (f) in-house 
fabricated concentric tube heat exchanger with internal static mixers, (g) in-house fabricated 
injection spool with injection quill, (h) replaceable tubular mixing chamber with various 
StamixCo static mixers, (i) tubular reactor, (j) 1 L CPVC holding tank, (k) metering pump, 
(l) PTFE turbine flow meter, (m) back pressure metering valve, and (n) AES external hot oil 
circulator. A simplified process and instrumentation diagram (P&ID) of the third iteration of 
the tubular reactor test system is given in Figure 2.1. Several iterations of the continuous test 
system were designed and built. With each consecutive modification and implementation 
being designed from insights learned from previous trials and experiments. A “walk-through” 
of the system and decision making behind the design is given next. 
The third iteration of major modifications was the last design. In this design, an 
atmospheric feedstock holding tank, equipped with heat trace around the exterior surface, 
was utilized. This tank was a user friendly piece of equipment with the sole purpose of 
storing and gently heating feedstock prior to being transferred to the pressure vessel. A 
carbon steel Viking internal gear pump transferred feedstock from the holding tank over to 
the pressure vessel, i.e. the feed charge tank. Pressure and temperature indicators were placed 
around the transfer pump to aid in diagnosing pumping issues. The feed charge tank was a 
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converted SS316L compressed air tank with multiple ports allowing instrumentation and 
sampling access. This tank would at times be pressurized with nitrogen gas to keep the net 
positive suction head available (NPSHA) greater than the net positive suction head required 
(NPSHR) of the feedstock pump when handling high viscosity feedstocks.  
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Figure 2.1. Simplified P&ID of the bench scale continuous tubular reactor test system. 
The feed charge tank was regulated to various pressures which were no greater than 100 psig 
and equipped with a pressure relief valve set at 120 psig. Instrumentation was fitted on the 
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feed charge tank to allow diagnosis and troubleshooting of process issues. A SS316L Viking 
external gear pump was fed from the feed charge tank and pumped feedstock continuously 
into the system. This pump could handle feedstock temperatures up to 85 deg. C, kinematic 
viscosity up to 250,000 cSt, had a differential pressure rating of 200 psig, and had a max 
allowable working pressure (MAWP) of 500 psig. With the wide range of viscosities and 
shear sensitives of the feedstocks, a durable and robust pump had to be used in combination 
with an acceptable speed controller. An ABB variable frequency drive (VFD) was used and 
set up to be either automatically or manually controlled. The feedstock VFD also measured 
current and torque from the feedstock pump motor.  
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Figure 2.2. Concentric tube heat exchanger on the bench scale continuous tubular reactor test 
system. 
This allowed determination of the strain on the motor which and an indication of feedstock 
fluid behavior. Feedstock would be pumped through a SS316L oval gear flow meter fitted 
with a Hall Effect sensor and 4-20 mA transmitter. The 4-20 mA signal from the feedstock 
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flow meter was relayed to a control display which allowed observational flow measurements. 
Pressure and temperature instrumentation were placed after the feedstock pump and after the 
feedstock flow meter. 
The third iteration of the bench scale continuous system utilized a counter-current 
concentric tube heat exchanger as depicted in Figure 2.2. Prior to the third iteration of the 
system the heat exchanger was integrated with the tubular reactor (i.e. injection of the acid 
was prior to heating of the feedstock). Through experimentation is was observed that the 
influence of the non-Newtonian behavior of many of the feedstocks, especially after acid 
injection with changes in pH, caused non-uniform heating and homogeneity of the feedstock-
acid mix. The instability of the system was further compounded with inconsistent pressure 
drop across the tubular reactor, as an affect from viscosity changes, causing feedstock and 
acid flow rates to change sporadically. To mitigate this problem and make troubleshooting 
easier the heat exchanger was custom fabricated into an upstream unit operation. 
Additionally, the heat exchanger was fitted with helical static mixers to force a high 
convective heat transfer coefficient and to provide more uniform heating. The heat exchanger 
preceded a heat traced and insulated tubing section and the injection spool and quill. The heat 
traced section of tubing was designed for fine adjustments in the feedstock temperature. 
Following the heat exchanger the feedstock is injected with acid inside of an injection 
spool. The injection spool consists of a tee with a 3/4 in. branch and run where one of the run 
attachments is a female national pipe taper (FNPT) fitting. A 3/4 in. MNPT by 1/8 in. swage 
tube connection, bore-through reducing fitting was used to allow the 1/8 in. injection quill to 
be positioned such that acid is injected within the center and with the flow direction of the 
feedstock. The quill length was such that the end of the quill was 1 in. away from the first 
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static mixing element. The spool assembly which held the static mixing elements was 
designed so that the number of mixing elements or the type of mixing elements could be 
adjusted easily. This allowed various mixing elements to be utilized and studied. After the 
injection spool the feedstock-acid mixture flows into the tubular flow reactor. Temperature 
and pressure instrumentation is used throughout tubular flow reactor. Pressure in the tubular 
flow reactor and through the rest of the system downstream of the feedstock pump is 
regulated using a metering valve at the discharge of the system. Product leaving the system 
flashes, releasing mostly water, and enters into a collection bucket. 
Acid is fed into the system from an atmospheric holding tank. This tank is made of 
CPVC and is fitted with all SS316L, PTFE, PVDF, PEEK, or Viton wetted parts. Acid flow 
rate is measured using a PTFE turbine flow meter placed on the suction side of the acid 
pump, avoiding pressure restrictions. The acid flow meter outputs a 4-20 mA signal to a 
control display which allows for observation and measurement of the acid volumetric flow 
rate. Acid is pumped into the injection spool using a Micropump GB series pump head and 
motor. The motor speed is controlled using a digital VFD. Pressure instrumentation after the 
acid pump provided measurement of the acid line pressure.  
A 25 kW AES hot oil circulator was used to circulate heat transfer fluid (HTF) in 
counter-current flow through the concentric tube heat exchanger. The hot oil circulator had 
an on-board control system allowing for temperature control and monitoring of HTF line 
pressure. Flow rate of the HTF through the heat exchanger was maximized to provide high 
convective heat transfer. Various types of HTF were used but most used was Duratherm G. 
Various valves, including hand valves, relief valves and check valves (i.e. backflow 
prevention valves) were used throughout the system as indicated in Figure 2.1. Process 
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measurement data from the bench scale continuous test system was collected using a 
PicoLog TC-08 thermocouple data logger and terminal boards allowing 4-20 mA inputs. This 
data was monitored, recorded and stored on a computer linked with the data logger.  
2.8.2. Batch Reactor Equipment 
 Based off insights taken from operation of the bench scale tubular flow reactor a 
bench scale batch reactor system was designed and built. The critical thinking and decision 
making for the choice to build the batch reactor will be discussed in later sections. Like the 
tubular flow reactor the batch reactor test system went through two iterations. The second 
iteration was modified to accommodate various insights taken from initial experimentation. 
This second iteration of the system is shown in Figure 2.3.   
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Figure 2.3. Bench scale batch reactor test system. 
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The equipment making up the batch reactor system centers on a Parr model 4525, 2 
liter SS316L general purpose stirred reactor with a model 4848 controller and . The reactor 
has a custom removable head with various ports. These ports allow the following connections 
to be made to the reactor: (a) acid vessel for acid addition, (b) pressure relief for pressure 
rupture disc, (c) cooling coil inlet and outlet, (d) magnetic stirrer, (e) pressure gauge and 
pressure transducer, (f) thermowell for thermocouple and temperature measurement, (g) 
nitrogen addition, pressure relief, and air purge, and (h) sample collection vessel (SCV). A 
discussion on the design and experimental setup thought process is given next. 
The batch reactor system was specifically modified to allow both injection of acid, or 
other reagent, and sampling of the reactor contents. Additionally, the reactor was fitted with 
HTF ports and a custom designed cooling coil to increase surface area for heat exchange. The 
reactor body and head were sent to SiloTek and coated with Dursan® in order to improve 
corrosion resistance of the wetted SS316L parts. Glass inserts, purchased from Parr 
Instruments were all used to protect the reactor body from corrosion. Two, four-blade 45 
degree pitches turbine impellers were used on the stirrer shaft with the bottom impeller 
positioned at 2 inches above the base of the reactor and the top impeller positioned at 6 
inches above the base. The position of the impellers could be adjusted by simply loosening 
the set screws and moving them up or down. Throughout the course of this study the 
impellers positions were rarely adjusted. The reactor had a removable head which allowed 
the entire reactor assembly to be removed from the support stand which facilitated 
preparation of the reactor, samples, and cleaning of all the components following each 
experiment.  
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Both the acid vessel and the SCV were coated with Dursan®® to help protect against 
corrosion. Other internal wetted parts, such as the cooling coil, stirrer shaft and impellers, 
thermowell, injection tube, and sampling tube, were made of Hastelloy C-276 or Hastelloy 
B-2. Both of these metals have excellent corrosion resistance to sulfuric acid at all 
concentrations and up to temperatures beyond those used in this study. Various valves were 
used throughout the reactor system as shown in Figure 2.3. 
2.9. Generalized Experimental Procedures 
2.9.1. Tubular Flow Reactor 
The tubular reactor test system as described in the previous chapter is used in these 
experiments. Approximately 10.0 gallons of Vendor A DGSS feedstock was added to the 
holding tank and gently mixed using a handheld mixer at low speed. After mixing a sample 
was taken for analysis. The feedstock was then pumped into the feedstock charge tank. After 
approximately 10 minutes the hot oil heater reached a set point temperature of 175 deg. C 
and the feedstock was pumped into the test system using the feed pump. Speed of the feed 
pump was adjusted to attain a steady flow rate of 0.30 GPM. Once feedstock was seen 
discharging from the system the discharge valve was partially closed to provide back 
pressure. The feed pump speed was adjusted slightly to return the flow rate to 0.30 GPM. 
After approximately 5 minutes the feedstock reached the set point temperature of 150 deg. C 
and acid was injected. The ratio of acid injection was 0.04 g of acid per g of feedstock. The 
residence time of the tubular reactors is approximately 1.50 minutes at 0.3 GPM. Samples 
were collected from the system outlet into previously weighed 250 mL beakers. Samples 
were also collected in 15 mL glass centrifuge tubes and capped immediately.  
 Samples taken in the 400 mL beakers from the system were weighed, sealed with 
aluminum foil to prevent evaporation losses, and placed in an 80 deg. C draft oven for 18 
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hours. After 18 hours the samples were removed from the draft oven and oil was separated. 
The extracted oil was then used in analysis. Mass of the collected oil phase was weighed. The 
collected oil was then measured for TFA, moisture, PLs, and HEM.  
 The samples collected in the 15 mL glass centrifuge tubes were quickly cooled after 
capping in a water bath, homogenized, and then analyzed for moisture content. This was 
done to account for moisture which had evaporated after discharging the system. At the test 
condition temperatures above the water boiling point the product would flash evaporate after 
discharging from the system causing a considerable reduction in the moisture content of the 
samples. The oil yield is adjusted to account for the loss of moisture. 
2.9.2. Batch Reactor 
The batch reactor system consists of a Parr Instrument Co., USA 2L variable speed 
stirred reactor model 4526 with a customized moveable reactor head. The reactor body, head, 
fittings, and agitator motor and shaft are all coated with SilcoTek Dursan® coating. A glass 
insert purchased from Parr Instrument Co., USA is used with the reactor which dramatically 
assists with the removable and cleaning of the reactor following reaction. The glass insert in 
weighed and then filled with approximately 900 g of DGSS or GSS. The glass insert 
containing the feedstock is loaded into the reactor and the head with ring clamp is installed 
and tightened following Parr’s recommendations sealing the reactor. The acid injection 
vessel is filled with a known amount of sulfuric acid. All connection to the reactor head are 
made including, (a) cooling connections from cooling water supply to the internal cooling 
coil and the instrument cooling jackets, (b) nitrogen pressure connection to the reactor body 
and acid vessel, and (c) pressure relief line down to a collection bucket filled with water.  
 The system is then pressure tested by charging the reactor with nitrogen gas to the 
desired operating pressure and allowing the reactor to sit for 15 minutes. The desired 
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operating pressure is determined from the factor level conditions and pressure testing is 
performed at the expected operating pressure. After pressure testing, the reactor is 
depressurized to a predetermined initial pressure. At this time the mantle heater is powered 
on and the external temperature (i.e. the reactor surface temperature) is set to 250 deg. C. The 
set point reaction temperature is predetermined. The mixer is turned on with the mantle 
heater and is set to 50 RPM. Once the reactor contents reaches ~20 deg. C below the set point 
temperature, the external temperature set point is reduced down to ~10 deg. C above the 
desired reactor contents temperature. Generally, 130 deg. C is consistently achieved within 
45 minutes. Set point of 150 deg. C is achieved within 10 minutes following that. The 
temperature varies within the bounds of ±3 deg. C due to the glass insert and thermowell 
resistances.  
 Approximately 5 minutes prior to reaching set point temperature, the reagent vessel 
(acid or base) is charged with nitrogen to a pressure which conforms the desired operating 
pressure of the experiment. Once the reactor temperature has reached 150 deg. C the mixer is 
increased to 200 RPM and the reagent injection valve is opened. The reagent injection line is 
submerged into the feedstock. The reagent injection valve is fully closed once the reactor 
pressure begins to increase quickly, which indicates that reagent has been fully injected and 
gas is beginning to fill the reactor. After complete injection of reagent (acid or base), time 
zero is marked and the residence time is started. 
 Mixing time is set to a predetermined amount following injection. After the 
predetermined mixing time the mixer is deactivated and the contents of the reactor are 
allowed to settle for a predetermined amount of time at reaction temperature and pressure.  
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 After settling at reaction conditions the reactor is cooled to 80 deg. C by lowering the 
set point temperature of the reactor to 75 deg. C. The cooling water solenoid opens under 
these conditions and cooling water flows through the cooling coil. This consistently takes 
approximately 30 minutes to cool to 80 deg. C. Once the contents of the reactor reach 80 deg. 
C the cooling water is shut off and the reactor is allowed to sit for 10 more minutes. During 
this time it’s found that the reactor contents are still hotter than 80 deg. C. After 10 minutes 
the reactor is slowly depressurized to ambient pressure and removed from the stand. The 
reactor is opened and the glass insert removed carefully. At this point oil is separated, 
quantified, and analyzed.  
2.10. Analytical Methods and Equipment 
 Analytical methods for fats and oils and by-products from VORs, such as soapstocks 
and wet gums, are well established by the American Oil Chemists’ Society (AOCS). Many of 
the analytical techniques used in this study are AOCS methods. However, some modified 
methods are used which have been developed primarily to handle and analyze soapstocks and 
wet gums. These methods were developed and validated over many years by very established 
and experienced scientists in the industry. It should be pointed out that many of the methods 
which deal with analysis of fats and oils and emulsion feedstocks are so called “defining 
methods”, i.e. the conditions and reagents which are used in the method define the extracted 
fraction. This makes the results of a particular method unique to the solvent, temperature, 
pressure, or reagent and method used. Therefore, typically a combination of methods must be 
used and their results compared to give meaningful insights into the process.   
2.10.1. Hexane Extractable Matter (HEM) 
 A modification to the AOCS method Ja 3-87 was used to determine hexane solubles 
of wet gums and oil samples. In this modification the wet gums samples were first dried as 
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outlined in section 2.10.4. Moisture and Volatile Components, and weighed in a 15 mL 
glass centrifuge tube. 98.5% hexanes (ACS certified) was purchased from Fisher Scientific 
and used as the solvent for extractions. Multiple extractions were performed on the dry 
sample. Between each extraction the sample is mixed on a vortex plate and centrifuged to aid 
in separation of the hexane soluble fraction from the insolubles, which precipitated to the 
bottom of the centrifuge tube. The extract is collected in a beaker and dried under dry air. 
After drying the collection beaker is weighed and the HEM is reported as a percent weight of 
the feedstock or oil. HEM is also known as crude fat. 
 In another modification of the HEM method, as applied to soapstocks, the feedstocks 
were treated with acid in the presence of ethanol and hexane, or methanol and chloroform. 
The sample did not need to be dried and could be treated directly. Samples were weighed in 
15 mL glass centrifuged tubes and combined with 5 mL of ethanol or methanol. Samples 
were then treated with 6 molar hydrochloric acid and mix on a vortex plate. Multiple 
extractions with hexanes was used where between each extraction the samples would be 
centrifuged at 3000 RPM. 
2.10.2. Acetone Insolubles (AI) 
 Phosphatides are estimated using the AOCS method Ja 4-46. This method was 
modified and applied to acidified and dried feedstock samples. In this method a sample of 
feedstock was first dried and analyzed using the HEM method. The extracted material from 
HEM was then dried using forced air over the collection beaker. A sample of the dried 
residue was then weighed and used in the AI procedure. 
 The AI procedure is comprised of multiple extractions on a dried HEM residue using 
PL saturated cold acetone. 99.5% acetone (ACS certified) was purchased from Fisher 
Scientific. HEM residue is weighed in a 15 mL glass centrifuge tube. Extractions were 
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performed in the centrifuge tubes by removing the top clear acetone phase after 
centrifugation at 3000 rpm. The acetone solubles taken with each extraction were placed in a 
collection flask, evaporated and weighed. The insolubles fraction were left in the centrifuge 
tubes, evaporated, and weighed. The AI residue is comprised predominantly of PLs. 
2.10.3. Total Fatty Acids (TFA) 
 The TFA analysis is a very commonly used quality metric for soapstocks. This test is 
based on the AOCS method G 4-40 and method G 3-53. In this method the glycerolipids in a 
sample containing oils from soybean soapstock (or similar oilseed soapstocks) are saponified 
using KOH in an ethanol solution. The generated soaps are then reacted with hydrochloric 
acid to produce a lipids fraction. Extractions are performed using petroleum ether which 
removes the lipids fraction and which are dried and analyzed gravimetrically. The TFA is 
reported as a weight percent of the sample mass.  
 The TFA is used as a method to determine a minimum fat content metric of the 
feedstocks tested in this study. This sets a base line for the measurement of yield and oil 
recovery from experimentation and serves as a metric for analyzing performance of the 
experiment.  
2.10.4. Moisture and Volatile Components 
 The moisture of feedstock samples can be measured in several ways. Two methods 
were used in this study: (a) moisture by draft oven, AOCS method Ca 2c-25, and (b) 
moisture by vacuum oven, AOCS method Ca 2d-25. Moisture by draft oven is performed 
using a 130 deg. C forced air, “draft”, oven where samples would be weighed into aluminum 
weighing boats and allowed to evaporate in the oven. Measurements were taken every hour 
to determine the rate of mass loss and stopped once the difference in mass between 
measurements was below 0.05 % over 30 minutes. Moisture by vacuum oven was performed 
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using a VWR model 1430D set to 70 deg. C and approximately 1.4 psia. As the project 
moved along it was determined that moisture by vacuum oven was a better method to 
preserve quality of samples and to facilitate other analytical methods dependent on a low 
moisture content.  
2.10.5. pH 
pH of feedstocks was measured using a Hach PHC74501 pH probe connected to an 
HQ440d meter. Prior to measurement the feedstocks were allowed to cool to room 
temperature, ~22 deg. C. pH was directly taken without modification to the sample. pH of the 
acid water produced after reaction, if present, was measured at room temperature and without 
modification to the sample. 
2.10.6. Viscosity 
 The viscosity of the feedstocks was measured using a Brookfield RVDV-1 Prime 
viscometer equipped with disc spindles of various sizes. Although this is not the best 
instrument to use for emulsion applications and does not allow the study of rheological 
behaviors at temperature above the boiling point of water, the Brookfield RVDV-1 Prime 
allowed variable speed settings to measure alterations in the viscosity as a function of the 
shear input. This allowed inference of the shear sensitivity of the feedstocks at ambient 
conditions.  
 Viscosity of the feedstocks could be indirectly measured by means of a torque sensor 
on the batch reactor test system. This sensor measures the torque requirement on the agitator 
motor during experimentation. However, the only insight that can be said about the viscosity 
using this method is whether the material thinned out or thickened based off the torque 
demand. 
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CHAPTER 3.    RESULTS AND DISCUSSION 
3.1. Introduction 
Results and observations from experimentation are presented in this chapter. The time 
frame of the research presented in this section spans from the end of 2011 to the summer of 
2016. The bulk of the work and many of the key insights was accomplished mostly in 2013 
with the tubular flow reactor and 2015-2016 with the batch reactor. The data and analysis 
from testing of the tubular reactor is given first. Insights from the tubular reactor test system 
were used to help with design of the batch test system and the batch DOE. Following the 
tubular reactor data and analysis the batch reactor experimental data and analysis are given. 
3.2. Tubular Reactor 
As was discussed in the previous chapter, the purpose of the tubular reactor test 
system is to give some insight into continuous processing of feedstocks at higher 
temperatures and pressures over the traditional batch methods as well as to provide 
information for inline addition of acid into the feedstock.  
3.2.1. Initial Experiments 
 The initial experiments were performed on Vendor A DGSS. These experiments were 
set up simply to provide familiarity with the system and learn about the processing of a 
degummed soapstock through the tubular reactor and to gain insight into the factors which 
influence the oil yield. Additionally, these experiments were replicated three times to show 
repeatability. 
3.2.1.1.   Materials 
 Feedstock from Vendor A DGSS was used in these initial experiments. New 
feedstock from Vendor A DGSS was collected the morning of each experiment. The 
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feedstock collection and experimental run dates were on 7/24/2013, 7/25/2013, and 8/1/2013. 
Sulfuric acid (Certified ACS Plus Grade) having a concentration of 95.0 to 98.0 w% was 
purchased from Fisher Scientific Co., USA. 
3.2.1.2.   Experimental Conditions 
 The initial experiments are replicated at the same experimental conditions. Reaction 
temperature is held at 95 deg. C for the control experiment and 150 deg. C for the test 
condition. Flow rate will be maintained at 0.30 GPM between both the control and the test. 
Pressure of the control is not controlled but rather is a product of the viscous losses. Pressure 
is kept above 70 psig for the test experiments but as will be described it is not easily 
controlled due to viscosity effects. Three GX mixers are used in the injection spool. Sulfuric 
acid was injection at a ratio of 0.04 g/g of feedstock.  
3.2.1.3.   Feedstock Analysis 
 The feedstock was analyzed for TFA, density, pH, PLs via MAI, and moisture. TFA 
and moisture were analyzed using the TFA method and moisture method, respectively, 
described in the previous chapter. Results are shown in Table 3.1. 
Table 3.1. Analysis of Vendor A DGSS feedstock used in the initial experiments.  
Analysis Units 
Feedstock Date 
7/24/2013 7/25/2013 8/1/2013 
TFA w% 25.65 22.64 33.04 
Density g/mL 0.983 0.988 0.979 
pH w% 8.85 9.12 9.33 
AI w% 1.235 1.563 2.201 
Moisture w% 61.63 64.47 53.92 
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 As can be seen the feedstock varied substantially in concentration in essentially all 
the parameters measured. Fermentation of the feedstocks is not suspected due to the 
relatively high pH of the feedstocks.  
 The viscosity of the feedstocks from Vendor A DGSS were measured using a 
Brookfield RVDV-1 Prime viscometer fitted with a number 4 disc spindle. Results are given 
in Table 3.2. The viscosities are also plotted graphically in Figure 3.1. 
Table 3.2. Viscosity results for Vendor A DGSS feedstocks used in the initial experiments.  
RPM 7/24/2013 7/25/2013 8/1/2013 
50 1300 1406 3176 
60 1000 1233 1744 
100 850 860 970 
 
 
Figure 3.1. Viscosity of Vendor A DGSS feedstocks used in initial experiments. 
The feedstocks show an effective viscosity range between 3176 cP and 850 cP. As can be 
seen each feedstock also appears to have shear thinning characteristics as indicated by the 
decrease in viscosity with the increase in the spindle RPM (i.e. the spindle shear rate).  
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3.2.1.4.   Results and Discussion 
 The results from analysis of the experiments performed during the initial set of 
experiments using the tubular reactor test system are given in Table 3.4. It’s important to 
note that the oil yield is adjusted by factoring in the moisture loss from the sample after the 
product is discharged from the test system. An important assumption used in this calculation 
is that the TFA has negligible volatility and is entirely kept whole in the sample. Another 
assumption used is the composition of the evaporated material is the same as the material 
removed during moisture testing of the raw (as-is) feedstock. The data shows an increase in 
the oil yield response metric in the higher temperature experiments as compared to the 
control experiments. The yields however are variable and the difference between the control 
and test conditions are not consistent between repeated trials. This indicates that there are 
other factors influencing the oil yield response metric besides the temperature factor. 
 Pressure of the system between the three trials varied due to viscous effects from the 
raw feedstock and the reacted feedstock. Pressure values as measured off the pressure 
indicators post injection spool at steady state are given in Table 3.3. The pressure of the 
control experiments are lower than the test experiments due to the increase in the vapor 
pressure of the feedstock, mostly caused by water.  
Table 3.3. Post injection spool pressure at steady state. 
  Injection Spool Pressure 
Experiment 7/24/2013 7/25/2013 8/1/2013 
Control 33.55 35.61 42.67 
Test 86.30 87.14 91.38 
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Table 3.4. Results from the initial set of experiments. Moisture loss is calculated by 
negating the moisture of the reacted feedstock from the sample moisture. 
   Feedstock Date 
Analysis 
 
Units 
 
7/24/2013 7/25/2013 8/1/2013 
Control Test Control Test Control Test 
Sample Mass g 221.35 227.88 232.55 239.14 208.77 236.66 
Aqueous Phase pH --- 1.64 1.45 1.88 1.56 1.26 1.19 
Sample Moisture w% 60.71 51.32 63.59 54.50 53.16 41.67 
Recovered Oil ---         
     Mass g 58.74 77.07 53.63 72.35 61.15 99.11 
     TFA w% 85.71 88.26 86.30 87.74 89.46 89.16 
     Moisture w% 1.86 2.12 1.69 2.33 1.33 1.24 
     PLs w% 0.63 0.35 0.77 0.81 0.64 0.96 
     HEM w% 97.54 97.33 98.03 97.18 98.12 97.27 
Moisture Loss (calc.) w% 0.92 10.31 0.88 9.97 0.76 12.25 
Oil Yield (R1) w% 83.02 87.54 82.33 87.32 75.35 85.99 
 
 Other qualitative observations from these experiments were taken. The product 
physical properties from the control experiments were fairly consistent. Each control 
experiment produced a sample which showed fairly slow separation and formation of an 
aqueous phase. Reacted feedstock discharging from the system in the control experiments 
was clumpy and viscous and did not tend to smooth out. This can be seen in Figure 3.2. 
Viscosity was not measured due to the low pH of the samples but it was clear the viscosity 
had increased over the raw feedstock. Over time it was observed that the samples did smooth 
out and became less clumpy. Additionally, the control samples did not undergo flash 
evaporation at the outlet of the system, which resulted in less moisture loss as compared to 
the higher temperature experiments. 
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Figure 3.2. Reacted feedstock from the 7/25/2013 control experiments showing clumping of 
the product material. 
 The corresponding samples from the higher temperature experiments were not nearly 
as viscous. These samples were clearly lower viscosity and almost immediately showed 
separation of an aqueous phase when collected. Also, these samples were noticeably darker 
than the control experiments. Figure 3.3 shows the sample taken from the test experiments. 
An oil phase began to form quicker in this test than the control experiment, however, as is 
shown in the yield results at some point during settling the rate of separation decreased.  
 It’s apparent from the experiments that the higher temperature is causing the aqueous 
phase to drop out much faster and an oil phase to form quicker. Additionally, there is a clear 
difference in the color and viscosity of between the control and higher temperature test 
conditions.  
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Figure 3.3. Reacted feedstock from 7/25/2013 run at 150 deg. C.  
 Variation in the sample pH is caused by fluctuations in the acid flow rate. As will be 
discussed later the control of the test system with respect to steady state flow rates is very 
difficult given the equipment being used. With the initial set of experiments discussed here 
steady state operation was relatively easy to achieve.  
3.2.2. Effect of Mixing 
 The next set of experiments that were performed on Vendor A DGSS were meant to 
test the influence of mixing on the oil yield. These experiments were again performed in 
triplicate. 
3.2.2.1.   Materials 
 As with the initial experiments Vendor A DGSS was used to study the influence of 
mixing and temperature on the oil yield. New feedstock was acquired the morning of for each 
experimental trial. The dates of these feedstocks and experimental runs are 8/12/2013, 
8/14/2013, and 8/20/2013. 
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3.2.2.2.   Experimental Conditions 
 In these experiments the effect of mixing on the oil yield is investigated. After 
performing the control and center point experiments, the acid pump was shutdown followed 
by the feed pump. The system was cooled and depressurized after which the injection spool 
was modified and replaced with only 1 GX mixer. The experimental procedure described 
previously for the higher temperature test conditions was then repeated. Shutdown and 
replacement of the GX mixer with the high factor value, 5 GX mixers, was then performed 
after completing the lower factor value, 1 GX mixer. Again, the system was restarted in an 
identical manner as described above. 
3.2.2.3.   Feedstock Analysis 
 Compositional and physical property analysis are given in Table 3.5. No indication of 
fermentation was detected in these samples. The feedstock sample on 8/14/2013 was much 
thicker than the other samples. This may be due to the lower moisture content value. 
Table 3.5. Analysis of Vendor A DGSS feedstocks used in the mixing effect experiments. 
Analysis Units 
Feedstock Date 
8/12/2013 8/14/2013 8/20/2013 
TFA w% 20.83 28.33 22.55 
Density g/mL 0.989 0.980 0.986 
pH w% 9.33 9.51 9.29 
PLs (MAI) w% 0.993 2.087 1.402 
Moisture w% 65.39 57.05 64.23 
 
Viscosity information for the feedstocks Table 3.6. The data from this table is also plotted in 
Figure 3.4. The effective viscosity again shows shear thinning characteristics for each 
feedstock sample.  
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Table 3.6. Viscosity results of Vendor A DGSS feedstocks used in the mixing effect 
experiments. 
RPM 8/12/2013 8/14/2013 8/20/2013 
50 1,548 5,584 2,032 
60 1,363 4,787 1,743 
100 978 3,243 1,288 
 
 
Figure 3.4. Viscosity of Vendor A DGSS feedstocks used in the mixing effect experiments. 
3.2.2.4.   Results and Discussion 
 The effect of mixing on the oil yield response metric has been studied and the results 
are presented in this section. Table 3.7, Table 3.8, and Table 3.9 give the results from 
experimentation for the various feedstock samples. Table 3.10 shows a compilation of the oil 
yields against the factor level variation for each feedstock sample measured.  
 Results for the 08/12/2013 trial are given below in Table 3.7. The results indicate that 
there is a negative effect on the oil yield from mixing using only 1 GX mixer. As compared 
to the control experiment and the center point experiment the effect of temperature was 
minimized due to the reduced number of mixers. This implies that there is a minimum level 
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of mixing required to produce higher yields. The pH of the low factor run was difficult to 
measure due to the small amount of separated aqueous phase. Also, the low pH of the 
aqueous phase as compared to the other experiments indicates that there is a larger amount of 
unreacted sulfuric acid. This suggests that the use of only 1 GX mixer was not enough to 
disperse the sulfuric acid into the feedstock. 
 The center point and high factor level shows larger yields than the control and the low 
factor level, respectively. However, the high factor level showed a lower yield than the center 
point and the control. These results indicate that temperature has an increased effect on the 
oil yield response metric as compared to the control and that the high factor level for mixing 
again has a worse effect. The relationship between the low, center, and high factor levels 
indicate curvature in the response metric as a function of the mixer number. This suggests 
that there is both a propensity to under mix as well as over mix during addition of acid.  
Table 3.7. Results for the 08/12/2013 experimental trial varying the number of mixers in the 
injection spool. n.d. – non-detect. (*) indicates measurement difficulties. 
   Feedstock Date - 8/12/2013 
 # Mixers 3 1 3 5 
Analysis Units Control - 0 + 
Sample Mass g 233.41 252.35 248.33 257.07 
Aqueous Phase pH --- 1.44 0.88* 1.26 1.37 
Sample Moisture w% 64.27 54.22 55.24 55.01 
Recovered Oil ---     
     Mass g 45.20 34.01 65.57 61.46 
     TFA w% 89.66 88.98 89.73 90.14 
     Moisture w% 1.17 1.35 1.60 1.11 
     PLs w% n.d. 0.11 0.14 0.13 
     HEM w% 97.24 98.05 98.44 98.37 
Moisture Loss (calc.) w% 1.12 11.17 10.15 10.38 
Oil Yield (R1) w% 80.75 43.13 87.91 79.58 
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 Results for the 08/14/2013 trial are given below in Table 3.8. Similar results are seen 
with this experimental trial as was seen with the first trial. There appears to be a negative 
effect on the oil yield with the low factor level. The oil yield is highest at the center point 
condition. The high factor level shows a similar oil yield with the control and again is less 
than the center point. This suggests that the larger number of mixers is again over mixing. 
Again, as was the case with the previous trial the aqueous phase pH of the low factor level 
was difficult to read due to a small aqueous layer separation. The low value of the pH in the 
collected aqueous phase is caused by an increase in the sulfuric acid concentration, which 
suggests that the sulfuric acid did not disperse as effectively.   
Table 3.8. Results for the 08/14/2013 experimental trial varying the number of mixers in the 
injection spool. (*) indicates measurement difficulties. 
   Feedstock Date - 8/14/2013 
 # Mixers 3 1 3 5 
Analysis Units Control - 0 + 
Sample Mass g 239.44 242.22 245.56 235.45 
Aqueous Phase pH --- 1.55 1.02* 1.33 1.44 
Sample Moisture w% 55.88 46.88 46.27 46.57 
Recovered Oil ---     
     Mass g 64.18 47.32 86.21 76.73 
     TFA w% 90.30 88.67 90.17 89.69 
     Moisture w% 1.34 1.08 1.12 1.27 
     PLs w% 0.28 0.32 0.34 0.47 
     HEM w% 96.48 98.51 98.66 98.02 
Moisture Loss (calc.) w% 1.17 10.17 10.78 10.48 
Oil Yield (R1) w% 83.17 49.36 89.55 82.92 
 
 Results for the trial conducted on 08/20/2013 are given in Table 3.9. Again, similar 
results are seen with these experiments. The center point has the highest oil yield with the 
low factor level having the smallest oil yield. This indicates there is a low level threshold 
requirement for mixing whereby with enough mixing dispersion is sufficient. This is 
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supported by the low pH value in the low factor level separated aqueous phase. An 
interesting observation between the low factor level experiment and the other low factor 
levels experiments performed previously, this experiment yielded a larger aqueous phase. On 
the opposite side of the factor levels, the high factor level shows a lower yield as compared to 
the center point and the control. This indicates that there could be over mixing of the acid 
with the feedstock in the injection spool. This over mixing potentially stabilized the resulting 
acidulated feedstock. Temperature shows an increased effect on the oil yield as compared to 
the control. Again, there appears to be curvature in the factor response relationship with 
respect to the mixer number factor indicating an optimum degree of mixing.  
Table 3.9. Results for the 08/20/2013 experimental trial varying the number of mixers in the 
injection spool. 
   Feedstock Date - 8/20/2013 
 # Mixers 3 1 3 5 
Analysis Units Control - 0 + 
Sample Mass g 244.30 244.34 228.41 249.87 
Aqueous Phase pH --- 1.61 0.72 1.47 1.66 
Sample Moisture w% 63.12 54.54 53.76 53.93 
Recovered Oil ---     
     Mass g 54.12 40.85 69.63 67.26 
     TFA w% 90.01 89.78 89.36 90.25 
     Moisture w% 1.68 1.37 1.52 1.33 
     PLs w% 0.74 0.83 0.85 0.76 
     HEM w% 97.45 97.63 97.88 98.77 
Moisture Loss (calc.) w% 1.11 9.69 10.47 10.30 
Oil Yield (R1) w% 85.78 52.35 93.44 83.65 
 
 Table 3.10 compares the results from the three experimental trials on Vendor A 
DGSS feedstock. There is definite variation in all the result factor levels but when these 
factor levels are compared to one another the effect is seen. Comparison of the oil yield 
means shows this.  
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Table 3.10. Comparison table of oil yield results vs the number of mixers factor level. (-) 
indicates the low factor level and equates to 1 GX mixer, (0) indicates the center point and 
equates to 3 GX mixers, and (+) indicates the high factor level and equates to 5 GX mixers. 
The control experimental used 3 GX mixers. 
  Oil Yield (w%)     
Factor Interval 8/12/2013 8/14/2013 8/20/2013 Mean Std Dev 
Control 80.75 83.17 85.78 83.23 2.52 
Low Level (-) 43.13 49.36 52.35 48.28 4.70 
Center Point (0) 87.91 89.55 93.44 90.30 2.84 
High Level (+) 79.58 82.92 83.65 82.05 2.17 
 
The information in Table 3.10 is also plotted in Figure 3.5. As shown in Figure 3.5 
the oil yield between the feedstock samples for each experiment increased. This is an oddity 
and is embedded in the categorical factor that is the vendor. Variations in the feedstock 
composition is quite obvious from the feedstock analysis data given in Table 3.5 and in the 
viscosity given in Figure 3.4. 
 
Figure 3.5. Bar chart of oil yield against the experimental factor levels for the mixing effect 
investigation.  
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Table 3.11. Injection spool pressure measurements taken at steady state operation of the 
tubular reactor system. No measurement was taken for the low factor level running the 
08/20/2013 feedstock. 
  Injection Spool Pressure 
Experiment 8/12/2013 8/14/2013 8/20/2013 
Control 27.2 83.6 35.1 
Low Level (-) 65.4 73.5 n/a 
Center Point (0) 70.0 78.8 72.3 
High Level (+) 72.5 77.3 72.5 
  
 An important note about uncontrolled parameters is developed from investigating 
Table 3.11. The pressure factor, which has been identified as an important factor to study in 
this project, is not controlled in the experiments. As discussed previously, the pressure is 
dependent on the temperature due to its influence on the vapor pressure of water. This causes 
an inevitable increase in pressure with temperature. A unique characteristic of the tubular 
reactor is the influence of the viscous effects on the pressure. The vapor pressure of water at 
the low, center, and high factor level temperatures is approximately 54.6 psig. The pressure 
of operation for all but the control experiments are above this vapor pressure which indicates 
the influence of the vapor pressure.    
3.3. Key Insights from the Tubular Reactor 
 The data presented in this thesis for the tubular reactor investigated the effect of 
temperature and mixing of the feedstock and acid on oil yield. From this data it is seen that 
there is a clear influence of temperature to increase the oil yield as compared to the control 
condition. The influence of the degree of mixing, which is determined by the number of GX 
static mixers used, shows a more complicated relationship. There appears to be curvature to 
this factor-response relationship indicating that the number of mixers, and therefore the 
degree of mixing, reaches a maximum on the oil yield response curve. 
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 There are a number of difficulties running the tubular reactor test system. Mostly 
these are concerned with the following, (a) control of the acid addition rate and thus the acid 
addition ratio, (b) control of the feedstock flow rate, (c) collection of samples because of the 
flashing conditions at the system outlet, (d) corrosion of the injection spool and downstream 
tubing and (e) collection and handling of the volume of sample required to run the 
experiments.  
 
Figure 3.6. Example of various feedstock and their associated viscosities tested in the tubular 
reactor test system. 
 A large number of experiments were performed which are not presented in this thesis 
which showed that difficulties associated with the viscosity caused inadequate control of the 
system and therefore useful information concerning the oil yield response as a function of the 
factor variations were not easily collected. Additionally, the controls issues made replication 
of the experiments very difficult which did not allow for elimination of factors. The viscous 
effects were not so difficult to overcome when testing with Vendor A DGSS feedstock or 
other degummed soapstocks. However, when testing high gummed feedstocks the test system 
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was very difficult to use and became highly inefficient to use. Figure 3.6 gives some 
examples of feedstock viscosities. Shear thickening feedstocks, especially the high gummed 
feedstocks, were the most difficulty to use and often caused the premature termination of 
experiments. Insights from the experimental data, observations, and analysis presented in this 
section are applied to the design of the equipment and experiments used in the batch reactor 
test system.  
3.4. Batch Reactor 
3.4.1. Initial Experiments 
 The initial experiments using the batch reactor system are performed for the purpose 
of investigating potential factors and testing repeatability. These are accomplished 
simultaneously using feedstock from Vendor A DGSS. As discussed before feedstock from 
Vendor A DGSS is a degummed, alkali-refined soapstock by-product. It’s important to note 
that at the time of these experiments a little over two years had elapsed since the same 
feedstock was used in the tubular reactor experiments. This opens the door to the possibility 
that the feedstock has changed due to potential refinery changes. 
3.4.1.1.   Materials 
 Eight gallons of feedstock from Vendor A DGSS was collected on the morning of 
12/7/2015. Industrial grade nitrogen gas from Airgas was used for pressurization testing and 
initial pressurization of the reactor and acid vessel. Sulfuric acid (Certified ACS Plus Grade) 
having a concentration of 95.0 to 98.0 w% was purchased from Fisher Scientific Co., USA. 
3.4.1.2.   Experimental Conditions 
 The conditions for reaction and separation are given in Table 3.12. The factor levels 
for these experiments were selected based off the experimentation and insights from the 
tubular reactor. Temperature of the reaction and separation will be set to 150 deg. C. Pressure 
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will be set to 120 psig after injection of acid and maintained throughout mixing and 
separations. Mixing speed is set to 200 RPM and mixing time is held to 30 minutes. Total 
residence time at experimental conditions in the reactor is restricted to 2 hours. This gives 1.5 
hours for settling and phase separations.  
Table 3.12. Factor levels for the batch reactor repeatability experiments. 1* - the impeller 
type factor is comprised of the design and number of impellers. 
Factor 
Factor Levels Variation 
Interval Control Test 
Temperature (deg. C) 95 150 55 
Pressure (psig) 0 120 120 
Settling Time (hrs) 18 1.5 16.5 
Mixing Time (min) 30 30 --- 
Agitation Speed (RPM) 200 200 --- 
Impeller Type 1* 1* --- 
Feedstock Mass (g) 900 900 --- 
Acid Type Sulfuric Acid Sulfuric Acid --- 
Acid Addition Ratio (w%) 4.5 4.5 --- 
Acid Concentration (M) 18 18 --- 
 
 The control experiment temperature is set to 95 deg. C. Pressure of the control 
experiment is held at atmospheric. Settling time of the control is 18 hours and is performed 
outside of the reactor in a draft oven held at 95 deg. C. The same agitation speed, mixing 
time, impeller type, acid type, acid addition ratio, and acid concentration are used in the 
control as is used in the test experiment. As can be seen in Table 3.12 the factors that shall be 
changed are the temperature, pressure, and settling time. Variation levels the factor levels 
between the control and test experiment are also given in Table 3.12. The experiments during 
this regiment of testing were performed in a randomized manner. Separated oil from the 
experimented is quantified and sampled for analysis. 
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3.4.1.3.   Feedstock Analysis 
 Results for the feedstock composition and a few physical properties are given in 
Table 3.13. It’s worth noting that over the two years between the tubular reactor experiments 
and these experiments the TFA percentage in Vendor A DGSS feedstock did not vary 
substantially. Although its composition certainly did vary the values were within the ranges 
expected. 
Table 3.13. Feedstock composition data for the initial batch reactor experiments.  
Analysis Units 
Feedstock Date 
12/7/2015 
TFA w% 23.46 
Density g/mL 0.989 
pH w% 9.27 
PLs (MAI) w% 2.558 
Moisture w% 61.55 
 
 Viscosity of the Vendor A DGSS feedstock is given in Table 3.14. The results here 
show that the viscosity of Vendor A DGSS feedstock has not drastically changed over the 
time frame between experiments on this feedstock. Additionally, the feedstock shows shear 
thinning properties as was seen before.  
Table 3.14. Viscosity results for Vendor A DGSS feedstock used in the initial batch 
experiments. 
RPM 12/7/2015 
50 2,692 
60 1,864 
100 1,311 
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3.4.1.4.   Results and Discussion 
 By shear will power and sufficient amounts of coffee the 10 trial experimental list and 
analysis was completed within two days, beginning the morning of 12/7/2015 and ending late 
in the evening on 12/8/2015. It was decided that to avoid the potential issues with feedstock 
fermentation the most number of experiments that could be run would be performed in one 
day. This turned out to be six experiments. Three of these experiments would be controls and 
three would be performed at higher temperature and pressure.  
 Table 3.15 shows the results of the control experiments. Oil yields are consistent in 
the upper 70 to low 80 w%. When disassembling the reactor and the reactor head product 
would stick to the internals (i.e. the cooling coil, thermowell, agitator, etc.) and cause a slight 
amount of mass loss. The mass loss is calculated by negating the post reaction glass insert 
and product weight from the initial weight. The mass losses for each reaction are shown in 
Table 3.15 as well. The product removed from the reactor was still relatively thick and had 
not begun to separate an aqueous phase.  
Table 3.15. Control experiment results for repeatability study. 
Control Experiments 
Experiment Date 
12/7/2015 12/7/2015 12/7/2015 12/8/2015 12/8/2015 
Analysis Units 1 2 3 4 5 
Sample Mass g 900.75 903.66 899.57 902.67 896.02 
Acid Addition g 44.97 37.98 38.41 44.12 36.30 
Mass Loss g 20.24 28.13 24.34 21.79 29.23 
Aqueous Phase pH --- 1.69 1.62 1.73 1.59 1.70 
Recovered Oil ---      
     Mass g 203.79 201.54 203.34 207.68 200.59 
     TFA w% 88.19 88.63 87.98 87.62 87.85 
     Moisture w% 1.33 1.45 1.44 1.39 1.18 
     AI w% 0.10 0.54 0.68 0.37 0.49 
     HEM w% 96.36 97.86 97.77 97.62 97.08 
Oil Yield (R1) w% 85.05 84.26 84.77 85.93 83.83 
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The viscosity of the product material was certainly a part of the reason for the mass loss 
when removing the reactor head and internals. Figure 3.7 shows the control experiment 
product separation for experiment three from the control experiments. As shown there are 
three distinct layers of material, (a) oil at the top, (b) a residual emulsion in the middle, and 
(c) the aqueous phase at the bottom. The residual emulsion phase contains unrecovered TFA 
and is the source for TFA losses. 
 
Figure 3.7. Control experiment product separation on Vendor A DGSS. This was taken 
approximately 18 hours after the experiment. 
Results for the center point experiments are given in Table 3.16. In comparison with 
the control experiments, there is a substantial increase in the oil yield at the higher 
temperature condition. Almost the entirety of the feedstock TFA was recovered in the 
separated oil phase. Comparing the quality metrics between the control and center point 
experiments, there are similar results, suggesting the separation time given at the experiment 
conditions was sufficient to produce an oil phase of almost equal quality with the settling 
time given at the control conditions. This indicates a very significant reduction in the 
required separation time. Figure 3.8 shows the product and separation from experiment 4 in 
the center point experiments list. As can be seen, the most distinctive feature is the large 
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volume reduction of the residual emulsion layer. The aqueous phase is more turbid than the 
control experiment which suggests there may be some residual materials which have not 
precipitated in the short separation time given for these experiments. Additionally, the 
aqueous phase may contain the residual TFA not recovered in the oil phase and the materials 
which comprise the structure of the residual emulsion phase seen in the control experiment.  
Table 3.16. Test condition results for the batch reactor repeatability study. 
Center Point Experiments 
Experiment Date 
12/7/2015 12/7/2015 12/7/2015 12/8/2015 12/8/2015 
Analysis Units 1 2 3 4 5 
Sample Mass g 903.02 897.90 899.71 899.87 899.81 
Acid Addition g 40.84 41.28 41.30 39.60 41.43 
Mass Loss g 8.81 12.44 9.20 12.62 15.49 
Aqueous Phase pH --- 1.78 1.82 1.68 1.75 1.66 
Recovered Oil ---      
     Mass g 234.17 234.54 235.35 232.76 233.98 
     TFA w% 87.37 88.37 87.70 88.01 87.58 
     Moisture w% 1.76 1.70 1.61 1.58 1.97 
     AI w% 0.76 0.35 0.63 0.36 0.79 
     HEM w% 97.20 97.52 96.96 97.08 96.36 
Oil Yield (R1) w% 96.58 98.39 97.79 97.04 97.07 
 
A comparison of the oil yields from the 12/7/2015 Vendor A DGSS feedstock used in 
the experimental trials are given in Table 3.17. The variations in both the control and center 
point condition is small suggesting that the experiments are repeatable. This also indicates 
that there is good control over the test system and nuisance variables are mitigated.  
Table 3.17. Compiled results from the repeatability study of the initial batch experiments. 
Experiment 12/7/2015 12/7/2015 12/7/2015 12/8/2015 12/8/2015 Mean Std. Dev. 
Control 85.05 84.26 84.77 85.93 83.83 84.77 0.80 
Center Point 96.58 98.39 97.79 97.04 97.07 97.37 0.72 
 
93 
 
 
Figure 3.8. Center point condition experiment product separation on Vendor A DGSS. This 
picture was taken immediately after removing the glass insert from the reactor. 
 
 
Figure 3.9. Box plot of oil yield comparing the control experiment and center point 
experiment. Note the median value for the center point experiment box plot is very close to 
the lower quartile border, it is not absent from this plot. 
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3.4.2. Screening of Factors 
In this section the effects of pressure, base addition ratio, agitation speed, and settling 
time are investigated. Vendor A DGSS and B GSS feedstocks are used in each investigation. 
Additionally, results and insights from these experiments are used to modify factors within 
the center point condition.  
3.4.3. Effect of Pressure 
 As described in previous sections it’s hypothesized that the pressure effect on the oil 
yield will be negligible within the desired operating pressure range. As was noted previously 
the operating pressure range has been restricted to be within more economical design limits 
(i.e. this ignores the high costs of high pressure systems) for a hypothetical full scale system. 
This cap has been set at roughly 300 psig. As will be shown, the effect of pressure on the 
center point condition and the control is negligible for both Vendor A DGSS and B GSS 
feedstocks. 
3.4.3.1.   Materials 
Feedstock from Vendor A DGSS and B GSS was used in the following experiments. 
New feedstock from Vendor A DGSS was collected the morning of each experimental set. 
The feedstock collection and experimental run dates for Vendor A DGSS were on 
12/21/2015, 12/23/2015, and 12/30/2015. New feedstock from Vendor B GSS was collected 
on 1/11/2016, 1/13/2016, and 1/18/2016. Sulfuric acid (Certified ACS Plus Grade) having a 
concentration of 95.0 to 98.0 w% was purchased from Fisher Scientific Co., USA. 
3.4.3.2.   Experimental Conditions 
 The experimental conditions will be replicated for both Vendor A DGSS and B GSS 
feedstocks. Additionally, practically the same experimental procedure will be used in these 
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experiments as were used in the repeatability study, with the exception of the pressure 
modifications. Table 3.18 shows the factor levels which will be tested in these experiments.  
Table 3.18. Factor levels for the pressure effect study.  
Factor Control 
Factor Intervals Variation 
Interval -1 0 +1 
Temperature (deg. C) 95  150  --- 
Pressure (psig) 0 75 120 300 45, 150 
Settling Time (hrs) 18  1.5  --- 
Mixing Time (min) 30  30  --- 
Agitation Speed (RPM) 200  200  --- 
Impeller Type 1*  1*  --- 
Feedstock Mass (g) 900  900  --- 
Acid Type Sulfuric Acid  Sulfuric Acid  --- 
Acid Addition Ratio (w%) 4.5  4.5 
 --- 
Acid Concentration (M) 18   18   --- 
 
 Temperature of the control experiment will be held at 95 deg. C and varied to 150 
deg. C for the test experiments. Pressure will be adjusted from 0 (only on the control 
experiment), 75, 120, and 300 psig between these experiments. Mixing time will be held at 
30 minutes following the addition of acid and the same impeller type and number will be 
used as was used in all previous experiments. The agitation speed will be held at 200 RPM 
and the acid type, concentration, and addition ratio will be held at sulfuric acid, 18.0 M, and 
4.5 w%, respectively. Feedstock mass is held at approximately 900 g between all 
experiments. 
The initial starting pressure is changed between the experimental conditions for the 
control and test experiments. For the low factor interval of 75 psig operating pressure the 
reactor is not pressurized after pressure testing. Rather it is allowed to depressurize to 
atmospheric and then is sealed off. During heating the feedstock water content increases the 
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reactor pressure to the vapor pressure at the corresponding temperature. At 150 deg. C this is 
approximately 60 psig. For the other experiments the pressure is increased in the beginning 
to 60 psig, and 200 psig for the 300 psig target pressure. 
 Following processing the control experiment will be removed after the mixing has 
completed and allowed to separate in a draft oven for 18 hours. After this time it will be 
separated and the collected oil quantified and analyzed. The test experiments will be held at 
temperature and pressure during settling for 1.5 hours after which the product material will 
be immediately separated, quantified and analyzed. 
3.4.3.3.   Feedstock Analysis 
 Feedstock composition was analyzed for both Vendor A DGSS and B GSS 
feedstocks. This data is presented in Table 3.19 and Table 3.20 for Vendor A DGSS and 
Vendor B GSS feedstocks, respectively. 
Table 3.19. Vendor A DGSS feedstock composition analysis for pressure effect study. 
Analysis Units 
Feedstock Date 
12/21/2015 12/23/2015 12/30/2015 
TFA w% 27.87 24.66 25.21 
Density g/mL 0.979 0.985 0.986 
pH w% 9.77 9.61 9.59 
AI w% 2.890 2.053 1.025 
Moisture w% 58.49 60.93 62.81 
 
Table 3.20. Vendor B GSS feedstock composition analysis for the pressure effect study. 
Analysis Units 
Feedstock Date 
1/11/2016 1/13/2016 1/18/2016 
TFA w% 22.85 22.56 24.18 
Density g/mL 0.982 0.986 0.984 
pH w% 7.68 7.71 8.17 
AI w% 7.821 9.910 8.030 
Moisture w% 63.50 63.43 63.74 
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 An important observation to make from the feedstock compositional data is the 
difference in the AI content. AI for Vendor B GSS is much larger than Vendor A DGSS for 
all three samples. As discussed previously the AI content is related to the phospholipid 
concentration and it is not surprising that the Vendor B GSS AI content is much higher than 
Vendor A DGSS. This is because Vendor B GSS is a gummed soapstock and should have a 
much higher presence of phospholipids (i.e. gums). 
3.4.3.4.   Results and Discussion 
 Results from the pressure test experiments are presented in this section. Vendor A 
DGSS results are discussed first followed by Vendor B GSS results. 
Table 3.21. Results for the pressure effect study on 12/21/2015 Vendor A DGSS feedstock. 
Experiments Results 
Feedstock Date -  12/21/2015 
Factor Interval 
Analysis Units Control - 0 + 
Sample Mass g 904.64 901.00 898.58 901.78 
Acid Addition g 40.59 40.49 39.57 40.93 
Mass Loss g 17.85 8.09 9.91 30.61 
Aqueous Phase pH --- 1.65 1.62 1.41 1.44 
Recovered Oil ---     
     Mass g 210.22 269.26 268.20 272.83 
     TFA w% 90.18 89.83 89.58 90.13 
     Moisture w% 1.63 1.42 1.49 1.85 
     AI w% 0.46 1.05 0.33 0.49 
     HEM w% 97.27 97.38 96.94 96.35 
Oil Yield (R1) w% 75.19 96.32 95.93 97.84 
 
 Results for the first pressure effect experiments are given in Table 3.21. In 
comparison with the results from previous experiments on Vendor A DGSS the control 
experiment showed a lower yield. This is not uncommon with traditional acidulations. 
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Although it may appear the feedstock is similar with respect to the measured compositional 
and physical parameters, there are things which are not measured which influence the oil 
yield. Beyond this, a comparison of the control and center point again shows that there is an 
influence of temperature to increase the oil yield. Comparing the results of the low and high 
factor levels, which correspond to the 75 psig and 300 psig experiments, to the center point 
there is no major influence. The pressure neither decreased nor increased the oil yield.  
 Comparing the other two experiments there are similar outcomes. Table 3.22 and 
Table 3.23 shows the results for the 12/23/2015 and 12/30/20156 Vendor A DGSS feedstock 
experiments. There is no major influence of the pressure on oil yield. The temperature effect 
is much more substantial in these comparisons. Based on the results from the three 
experimental sets the pressure effect is determined not to have a major influence on the oil 
yield and therefore it is justified to be eliminated from the DOE. 
Table 3.22. Results for the pressure effect study on the 12/23/2015 Vendor A DGSS 
feedstock. 
Control Experiments 
Feedstock Date -  12/23/2015 
Factor Interval 
Analysis Units Control - 0 + 
Sample Mass g 901.99 895.08 896.27 895.69 
Acid Addition g 40.10 40.82 40.58 40.49 
Mass Loss g 16.66 5.68 8.58 25.74 
Aqueous Phase pH --- 1.36 1.61 1.65 1.56 
Recovered Oil ---     
     Mass g 208.26 239.65 237.39 239.48 
     TFA w% 91.54 90.38 90.45 89.52 
     Moisture w% 1.61 1.88 1.98 2.00 
     AI w% 0.90 0.57 0.12 0.42 
     HEM w% 95.95 96.66 96.77 97.70 
Oil Yield (R1) w% 85.71 98.13 97.15 97.06 
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Table 3.23. Results for the pressure effect study on the 12/30/2015 Vendor A DGSS 
feedstock. 
Control Experiments 
Feedstock Date -  12/30/2015 
Factor Interval 
Analysis Units Control - 0 + 
Sample Mass g 900.69 900.35 900.00 899.05 
Acid Addition g 41.02 40.20 41.08 40.06 
Mass Loss g 20.27 5.85 16.08 31.33 
Aqueous Phase pH --- 1.64 1.62 1.60 1.53 
Recovered Oil ---     
     Mass g 201.04 234.67 242.72 238.25 
     TFA w% 91.69 91.52 90.42 90.46 
     Moisture w% 1.39 1.55 1.86 1.72 
     AI w% 0.61 0.29 0.56 0.60 
     HEM w% 97.37 97.89 96.70 97.03 
Oil Yield (R1) w% 81.18 94.62 96.73 95.09 
 
 It was observed during these experimental trials that as the pressure factor was 
increased there was a larger amount of water collected on the outside of the glass insert. This 
added to the mass loss recorded in each set. This makes sense in the light of thermodynamics 
because the vapor pressure increases as the total system pressure increases for components 
like water. 
Table 3.24. Compilation of results from the pressure effect on Vendor A DGSS feedstocks. 
Date 
Vendor A - Oil Yield (w%) 
Control - 0 + 
12/21/2015 75.19 96.32 95.93 97.84 
12/23/2015 85.71 98.13 97.15 97.06 
12/30/2015 81.18 94.62 96.73 95.09 
Mean 80.69 96.36 96.60 96.66 
Std. Dev 5.27 1.75 0.62 1.42 
 
Results for the pressure effect study on Vendor B GSS feedstock are given next. 
Table 3.25, Table 3.26, and Table 3.27 give the results for each experimental set. 
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Table 3.25. Results of the pressure effect study on the 1/11/2016 Vendor B GSS feedstock. 
Test Experiments 
Feedstock Date -  1/11/2016 
Factor Interval 
Analysis Units Control - 0 + 
Sample Mass g 896.54 898.05 902.68 901.89 
Acid Addition g 39.73 40.15 41.45 40.29 
Mass Loss g 20.08 8.05 14.71 29.11 
Aqueous Phase pH --- 0.98 1.13 1.06 1.12 
Recovered Oil ---     
     Mass g 168.36 216.65 213.60 213.47 
     TFA w% 88.68 88.77 89.68 89.21 
     Moisture w% 1.89 1.82 1.79 1.64 
     AI w% 1.48 0.91 1.12 1.43 
     HEM w% 96.63 96.18 96.52 96.20 
Oil Yield (R1) w% 72.88 93.72 92.87 92.41 
 
Table 3.26. Results of the pressure effect study on the 1/13/2016 Vendor B GSS feedstock. 
Test Experiments 
Feedstock Date -  1/13/2016 
Factor Interval 
Analysis Units Control - 0 + 
Sample Mass g 899.56 900.98 896.30 899.05 
Acid Addition g 39.82 39.68 39.64 40.19 
Mass Loss g 24.62 7.89 12.84 26.05 
Aqueous Phase pH --- 1.08 1.18 0.99 1.08 
Recovered Oil ---     
     Mass g 178.74 222.60 218.31 222.45 
     TFA w% 87.45 89.13 89.27 88.11 
     Moisture w% 2.05 1.86 2.04 2.01 
     AI w% 1.46 1.04 1.56 1.21 
     HEM w% 96.69 95.91 96.76 96.58 
Oil Yield (R1) w% 77.02 97.61 96.38 96.63 
 
The oil yields from control experiments on the Vendor B GSS feedstock are generally 
lower than those from Vendor A DGSS feedstocks. This is an observation that’s made 
routinely in the lab experiments and full scale operations. Gummed soapstocks generally 
form more stable emulsions layers than do degummed soapstocks. This is likely caused by 
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the inclusion of the degumming operation with the alkali refining operation and therefore the 
gums in the soapstock at the VOR. 
Table 3.27. Results of the pressure effect study on the 1/18/2016 Vendor B GSS feedstock. 
Test Experiments 
Feedstock Date -  1/18/2016 
Factor Interval 
Analysis Units Control - 0 + 
Sample Mass g 899.68 896.74 901.49 900.01 
Acid Addition g 40.37 41.13 41.15 40.31 
Mass Loss g 18.64 7.27 14.66 26.56 
Aqueous Phase pH --- 1.11 1.08 1.13 0.96 
Recovered Oil ---     
     Mass g 189.79 237.30 232.81 237.68 
     TFA w% 89.21 88.44 89.09 88.12 
     Moisture w% 1.91 1.74 1.80 1.75 
     AI w% 1.60 1.45 1.23 1.62 
     HEM w% 97.05 97.25 96.61 96.23 
Oil Yield (R1) w% 77.83 96.79 95.15 96.24 
 
Table 3.28. Compilation of the results from the pressure effect study on Vendor B GSS 
feedstocks. 
Date 
Oil Yield (w%) 
Control - 0 + 
1/11/2016 72.88 93.72 92.87 92.41 
1/13/2016 77.02 97.61 96.38 96.63 
1/18/2016 77.83 96.79 95.15 96.24 
Mean 75.91 96.04 94.80 95.10 
Std. Dev 2.65 2.05 1.78 2.33 
 
 Comparing the control experiment with the center point experiment it can be seen that 
there is again an influence of the temperature factor to increase the oil yield response metric. 
Also, when comparing the center point with the factor level variations the pressure effect is 
negligible, reinforcing the influence of the temperature on oil yield. Investigating the 
moisture and AI content of the Vendor B GSS product oils shows an increase over the 
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Vendor A DGSS values. This is not entirely unexpected because there is a high concentration 
of AI in the feedstock. 
Comparing the results between Vendor A DGSS and Vendor B GSS there is 
negligible influence of the pressure on the experimental conditions. Comparing the control 
experiments it can be seen that there is a larger degree of deviation in the Vendor B GSS and 
opposed to the Vendor A DGSS. This suggests that the presence of gums and the impurities 
which tag along with the gums causes more disparity in the oil yield. 
3.4.4. Base Addition Ratio 
3.4.4.1.   Materials 
 Feedstock from Vendor A DGSS and B GSS was used in these base addition ratio 
experiments. New feedstock from Vendor A DGSS and B GSS was collected the morning of 
each experiment. The feedstock collection and experimental run dates were on 01/18/2016, 
01/19/2016, and 02/09/2016 for Vendor A DGSS and 01/20/2016 and 02/11/2016 for Vendor 
B GSS. Sodium hydroxide having a concentration of 50 w% was purchased from Fisher 
Scientific Co., USA. Sulfuric acid (Certified ACS Plus Grade) having a concentration of 95.0 
to 98.0 w% was purchased from Fisher Scientific Co., USA. 
3.4.4.2.   Experimental Conditions 
The experimental conditions for the base addition ratio experiments are given in 
Table 3.29. The temperature will be varied between 95 deg. C and 150 deg. C for the control 
and center point experimental conditions, respectively. The agitation speed will be held at 
200 RPM. Pressure will is set at 0 psig for the control condition and 120 psig for the center 
point. Separation time will be held at 18 hours for the control experiment and 1.5 hours for 
the center point. Mixing time will be held constant at 30 minutes. Impeller type will remain 
the same throughout all experiments. Feedstock mass will be held at approximately 900 
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grams. Base type, addition ratio and concentration will be held constant at sodium hydroxide, 
1.0 w% and 50 w%. Acid type, addition ratio, and concentration will be constant at sulfuric 
acid, 4.5 w%, and 18.0 M, respectively. 
Table 3.29. Reaction conditions for the base addition ratio experiments. 
Factor 
Factor Levels Variation 
Interval Control Center Point 
Temperature (deg. C) 95 150 55 
Pressure (psig) 0 120 120 
Settling Time (hrs) 18 1.5 16.5 
Mixing Time (min) 30 30 --- 
Agitation Speed (RPM) 200 200 --- 
Impeller Type 1* 1* --- 
Feedstock Mass (g) 900 900 --- 
Base Type NaOH NaOH --- 
Base Addition Ratio (w%) 1 1 --- 
Base Concentration 50 50 --- 
Acid Type Sulfuric Acid Sulfuric Acid --- 
Acid Addition Ratio (w%) 5.5 5.5 --- 
Acid Concentration (M) 18 18 --- 
 
Base is injected when the reactor set point temperature is reached. Pressure of the 
reactor contents is increased to the desired set point by pressurizing from the base injection 
vessel. Following reaction, acid is added at 5.5 w% to fully react the excess caustic and 
soaps. 
3.4.4.3.   Feedstock Analysis 
 Feedstock analysis data is given in Table 3.30 and Table 3.31 for Vendor A DGSS 
and Vendor B GSS feedstocks, respectively. A quick investigation of the feedstock properties 
for Vendor B GSS shows that the feedstock pH is higher than the samples taken during the 
pressure effect experiments. These variations are not uncommon and can have several 
rational causes for the differences. Two hypothesis have been developed to explain these 
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variations. Feedstocks can undergo fermentation during shipment if the shipment is delayed 
significantly or may already be undergoing fermentation when discharged from the VOR. 
Additionally, changes in the operational performance of the VOR can cause variation in the 
produced soapstocks as was discussed previously in the literature review.  
Table 3.30. Feedstock composition data of Vendor A DGSS for the base addition ratio 
experiments. 
Analysis Units 
Feedstock Date 
1/27/2016 2/4/2016 2/22/2016 
TFA w% 28.97 27.71 28.69 
Density g/mL 0.986 0.983 0.983 
pH w% 9.20 9.35 9.22 
AI w% 0.432 0.311 0.249 
Moisture w% 57.33 59.68 57.49 
 
Table 3.31. Feedstock composition data of Vendor B GSS feedstock for the base addition 
ratio experiments. 
Analysis Units 
Feedstock Date 
1/27/2016 1/28/2016 2/3/2016 
TFA w% 21.62 24.09 31.31 
Density g/mL 0.989 0.985 0.980 
pH w% 8.51 8.44 8.77 
AI w% 5.400 4.637 5.158 
Moisture w% 66.43 60.14 54.96 
 
3.4.4.4.   Results and Discussion 
The base addition ratio was attempted to be analyzed to determine if the amount of 
base added to the feedstock impacts the oil yield and if the complete saponification 
processing technique has advantages. Vendor A DGSS and B GSS were both utilized in these 
experiments. However, during the course of each experimental trial for each of the two 
vendors feedstocks, after addition of base to the reactor the feedstock viscosity increased 
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drastically. This caused the agitator to seize thereby causing power to the motor to increase 
beyond the overcurrent safety limits. Once the overcurrent limit was reached the controller 
fuse tripped and deactivated the controller. This same effect is seen with the control 
experiments. Feedstocks tend to thicken up as the pH is increased. On some feedstocks the 
increase in viscosity with base addition was not seen, however, these affects were 
unpredictable and occurred for the majority of the materials.  
 
Figure 3.10. Highly viscous product following the addition of base at reaction conditions. 
The decision was made to remove the saponification studies from the DOE. This was 
done for several reasons, including: (a) success of the acid reagent experiments, (b) 
impractical economical viewpoint of using base due to the cost of consumables, (c) reduction 
of the size of the DOE, (d) inability to process the materials in the test system, (e) 
inconsistency of the feedstock to respond to base addition. The major show stopper with 
respect to these experiments is the inability to be able to fully test the factors of concern 
when the feedstocks tend to thicken to the point the test system cannot function properly. 
From this point on the base reagent and saponification experiments were rejected from the 
over project experimental design. No further analysis was performed on the samples taken 
from these experiments. 
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Apart from the seemingly negative results of the base addition experiments, there 
were some observational results which are of interest. One of these insights was the 
separation of water without the addition of acid. As can be seen in Figure 3.10 there is a 
small layer of aqueous phase which has separated from the emulsion. This could be an effect 
of the base addition or it could be an effect of some other factors or combination of factors. 
Either way, some experiments are developed to test the emulsion stability without the 
addition of acid.  
3.4.5. Agitation Speed 
From the tubular reactor test system experiments there were some insights which 
suggested that mixing may have a major influence on the oil yield. Experiments were 
designed to further investigate this possible factor-response relationship. Again, as was used 
in the previous experiments, Vendor A DGSS and Vendor B GSS feedstocks will be the 
materials tested and presented in this thesis.  
3.4.5.1.   Materials 
Feedstock from Vendor A DGSS and B GSS was used in the following experiments. 
New feedstock from Vendor A DGSS was collected the morning of each experimental set. 
The feedstock collection and experimental run dates for Vendor A DGSS were on 4/5/2016, 
4/19/2016, and 4/21/2016. New feedstock from Vendor B GSS was collected on 3/7/2016, 
3/10/2016, and 3/16/2016. Sulfuric acid (Certified ACS Plus Grade) having a concentration 
of 95.0 to 98.0 w% was purchased from Fisher Scientific Co., USA. 
3.4.5.2.   Experimental Conditions 
 Experimental conditions for the agitation speed effect study are given in Table 3.32 
for both Vendor A DGSS and B GSS feedstocks. Also, a DOE matrix is given in Table 3.33. 
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Table 3.32. Experimental conditions for the agitation speed experiments. 
Factor Control 
Factor Intervals Variation 
Interval -1 0 +1 
Temperature (deg. C) 95 125 150 175 25 
Pressure (psig) 0  120  --- 
Settling Time (hrs) 18  1.5  --- 
Mixing Time (min) 30  30  --- 
Agitation Speed (RPM) 200 50 200 400 150, 200 
Impeller Type 1*  1*  --- 
Feedstock Mass (g) 900  900  --- 
Acid Type Sulfuric Acid  Sulfuric Acid  --- 
Acid Addition Ratio (w%) 4.5  4.5 
 
--- 
Acid Concentration (M) 18   18   --- 
 
Table 3.33. DOE matrix for the agitation speed experiments. 
Trial # 
Factors 
X1 X5 
1 - - 
2 + - 
3 - + 
4 + + 
5 Control 
6 0 0 
 
 The temperature will be varied from 125 deg. C to 175 deg. C in 25 deg. C 
increments. The agitation speed will also be varied from 50 to 200 to 400 RPM. Pressure will 
be held constant at 120 psig and separation time will be held at 1.5 hours. Mixing time will 
be held constant at 30 minutes for each change in the mixing speed interval. Impeller type 
will remain the same throughout all experiments. Feedstock mass will be held at 
approximately 900 grams. Acid type, addition ratio, and concentration will be constant at 
sulfuric acid, 4.5 w%, and 18.0 M, respectively. The control temperature will again be kept 
the same at 95 deg. C and the separation time will be 18 hours.  
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3.4.5.3.   Feedstock Analysis 
 Composition and physical property data are given in Table 3.34 and Table 3.35 for 
Vendor A DGSS and B GSS feedstocks, respectively used in the agitation speed 
experiments. The 04/19/2016 Vendor A DGSS feedstock was measured three times for TFA 
and moisture. All three results were in close agreement with each other. 
Table 3.34. Feedstock composition data for the agitation speed effect for Vendor A DGSS 
feedstocks.  
Analysis Units 
Feedstock Date 
4/5/2016 4/19/2016 4/21/2016 
TFA w% 22.45 35.53 24.44 
Density g/mL 0.991 0.988 0.993 
pH w% 9.38 9.98 9.77 
AI w% 1.550 2.136 1.092 
Moisture w% 64.64 49.82 52.28 
 
Table 3.35. Feedstock composition data for the agitation speed effect for Vendor B GSS 
feedstocks. Density of the feedstock was not measured on the 03/10/2016 sample. 
Analysis Units 
Feedstock Date 
3/7/2016 3/10/2016 3/16/2016 
TFA w% 23.98 21.85 25.08 
Density g/mL 0.982 n/a 0.978 
pH w% 8.57 8.62 8.42 
AI w% 6.240 5.520 5.900 
Moisture w% 61.59 63.16 60.91 
 
3.4.5.4.   Results and Discussion 
 An investigation into the effect of agitation speed and temperature on oil yield from 
both Vendor A DGSS and Vendor B GSS feedstocks was undertaken. Three replications of 
the experiments were performed for each feedstock. A control and center point were used in 
the experimental design. Data from these experiments is presented in this section. Results 
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from the Vendor A DGSS feedstocks is presented first followed by Vendor B GSS 
feedstocks.  
 Results from experimentation on the Vendor A DGSS feedstocks is given in Table 
3.36, Table 3.37, and Table 3.38. The control experiments are comparable to previous 
experimental controls on Vendor A DGSS feedstocks. There tends to be a wider variation in 
the oil yield within the controls. The center point condition again shows an increase in the oil 
yield as compared to the controls. In comparing the center point results to the other 
conditions there is an increase over the low and high factor levels of the agitation speed at the 
low factor level of the temperature. This suggests that mixing influences the oil yield 
response with relatively lower temperatures. When also comparing the center point 
conditions with the high factor level temperature experiments it’s seen that there is smaller 
variation. Building off this and comparing the high temperature factor levels to the low 
temperature factor levels it can be seen that the influence of the mixing speed is somewhat 
mitigated. This suggests that the temperature is somehow eliminating the effects of under- 
and over-mixing on the oil yield.  
 The temperature and agitation factor-response relationship on the oil yield tends to be 
controlled more by the temperature. It can be suggested that this might be caused by the 
influence of temperature on the viscosity of the different fluids. This compounded with the 
possible effects of temperature on the interface energies and surfactant properties may 
explain why temperature has the influence it does. At lower temperatures the interactions 
occurring between the dispersed and continuous phases and between the dispersed phase 
droplets with one another may be more prominently effected by mixing due to inhibitions in 
the coalescence.  
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Table 3.36. Experimental data for the temperature and agitation speed factor study using the 
4/5/2916 Vendor A DGSS feedstock. X1 and X5 are the temperature and agitation factor 
codes, respectively. 
Vendor A DGSS 
Experiment Date - 4/5/2016 
Factor Interval - (X1)(X5) 
Analysis Units Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
Sample Mass g 902.93 903.98 895.07 899.84 895.65 895.07 
Acid Addition g 39.53 40.39 41.26 40.38 40.16 40.66 
Mass Loss g 21.19 8.96 8.63 11.55 9.69 10.27 
Aqueous Phase pH --- 1.52 1.39 1.44 1.37 1.45 1.37 
Recovered Oil ---       
     Mass g 189.07 212.43 203.44 213.52 196.25 215.30 
     TFA w% 91.62 92.70 91.40 91.71 91.35 91.65 
     Moisture w% 1.05 0.82 0.81 1.06 1.19 1.24 
     AI w% 0.31 0.56 0.70 0.51 0.35 0.47 
     HEM w% 97.02 96.58 97.68 97.35 97.61 96.45 
Oil Yield (R1) w% 85.46 97.03 92.54 96.93 89.16 98.20 
 
Table 3.37. Experimental data for the temperature and agitation speed factor study using the 
4/19/2916 Vendor A DGSS feedstock. X1 and X5 are the temperature and agitation factor 
codes, respectively. 
Vendor A DGSS 
Experiment Date - 4/19/2016 
Factor Interval - (X1)(X5) 
Analysis Units Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
Sample Mass g 900.61 903.33 901.03 899.84 898.94 898.83 
Acid Addition g 39.76 39.79 40.70 40.94 40.54 39.51 
Mass Loss g 21.35 10.69 12.64 10.84 6.88 11.23 
Aqueous Phase pH --- 1.66 1.46 1.57 1.54 1.62 1.44 
Recovered Oil ---       
     Mass g 312.16 345.12 329.91 343.62 326.04 344.95 
     TFA w% 90.46 90.93 90.60 90.26 91.69 90.72 
     Moisture w% 1.06 1.18 1.02 1.08 0.70 1.33 
     AI w% 0.50 0.43 0.69 0.57 0.46 0.53 
     HEM w% 97.69 96.47 96.89 96.48 97.24 96.49 
Oil Yield (R1) w% 88.25 97.78 93.37 97.01 93.60 97.99 
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Table 3.38. Experimental data for the temperature and agitation speed factor study using the 
4/21/2916 Vendor A DGSS feedstock. X1 and X5 are the temperature and agitation factor 
codes, respectively. 
Vendor A DGSS 
Experiment Date -  4/21/2016 
Factor Interval - (X1)(X5) 
Analysis Units Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
Sample Mass g 903.02 899.42 895.24 900.41 898.74 898.61 
Acid Addition g 41.33 40.88 40.04 39.58 41.01 41.38 
Mass Loss g 14.65 6.11 3.79 8.06 11.47 11.63 
Aqueous Phase pH --- 1.72 1.64 1.53 1.68 1.63 1.51 
Recovered Oil ---       
     Mass g 203.41 234.78 217.63 241.23 225.66 238.88 
     TFA w% 89.70 90.59 90.43 89.52 89.59 89.55 
     Moisture w% 0.70 1.00 0.84 0.87 1.17 1.26 
     AI w% 0.47 0.73 0.73 0.48 0.54 0.70 
     HEM w% 97.86 95.71 95.50 96.82 95.88 97.20 
Oil Yield (R1) w% 82.67 96.76 89.95 98.13 92.04 97.40 
 
Table 3.39. Compilation of the oil yield results from the temperature and agitation speed 
factor study using Vendor A DGSS feedstocks. 
Date 
Oil Yield (w%) – (X1)(X5) 
Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
4/5/2016 85.46 97.03 92.54 96.93 89.16 98.20 
4/19/2016 88.25 97.78 93.37 97.01 93.60 97.99 
4/21/2016 82.67 96.76 89.95 98.13 92.04 97.40 
Mean 85.46 97.19 91.95 97.36 91.60 97.86 
Std. Dev 2.79 0.53 1.78 0.67 2.25 0.41 
 
 From these experiments the influence of mixing can be seen. With the higher factor 
level on mixing and lower factor level on temperature there tends to be a lower yield. When 
temperature is increased to the high factor level with the mixing speed also at the high factor 
level the influence of mixing on the oil tends to be mitigated. The same influence can be 
suggested when looking at the yields from the center point condition. This suggests 
temperature has more influence on the oil yield with the DGSS.  
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Table 3.40. Experimental data for the temperature and agitation speed factor study using the 
3/7/2016 Vendor B GSS feedstock. X1 and X5 are the temperature and agitation factor 
codes, respectively. 
Vendor B GSS 
Experiment Date - 3/7/2016 
Factor Interval - (X1)(X5) 
Analysis Units Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
Sample Mass g 901.48 903.07 900.23 899.66 895.72 897.37 
Acid Addition g 39.59 40.33 40.72 40.34 39.54 39.89 
Mass Loss g 20.00 11.87 7.48 12.12 12.70 7.94 
Aqueous Phase pH --- 1.21 1.18 1.13 1.07 1.22 1.08 
Recovered Oil ---       
     Mass g 167.83 232.57 218.63 229.32 189.33 237.62 
     TFA w% 88.69 88.53 88.48 88.71 87.65 87.29 
     Moisture w% 1.88 1.76 1.76 1.52 1.64 1.79 
     AI w% 1.33 1.55 1.50 1.51 1.35 1.75 
     HEM w% 95.67 96.58 96.35 96.67 96.98 97.13 
Oil Yield (R1) w% 68.86 95.08 89.61 94.29 77.26 96.39 
 
Table 3.41. Experimental data for the temperature and agitation speed factor study using the 
3/10/2016 Vendor B GSS feedstock. X1 and X5 are the temperature and agitation factor 
codes, respectively. 
Vendor B GSS 
Experiment Date - 3/10/2016 
Factor Interval - (X1)(X5) 
Analysis Units Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
Sample Mass g 901.85 904.97 898.62 902.05 897.09 898.13 
Acid Addition g 41.31 41.08 39.76 39.64 39.92 40.80 
Mass Loss g 21.57 4.14 10.74 5.99 12.04 9.01 
Aqueous Phase pH --- 1.30 1.07 1.09 1.06 1.15 1.13 
Recovered Oil ---       
     Mass g 182.75 219.98 210.21 218.29 191.74 216.08 
     TFA w% 87.92 88.59 87.77 88.11 88.37 88.12 
     Moisture w% 1.75 2.13 2.01 1.95 1.74 1.89 
     AI w% 1.63 1.52 1.38 1.54 1.56 1.36 
     HEM w% 96.40 97.01 96.37 97.34 97.61 97.18 
Oil Yield (R1) w% 81.54 98.56 93.97 97.58 86.44 97.03 
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Table 3.42. Experimental data for the temperature and agitation speed factor study using the 
3/16/2016 Vendor B GSS feedstock. X1 and X5 are the temperature and agitation factor 
codes, respectively. 
Vendor B GSS 
Experiment Date - 3/16/2016 
Factor Interval - (X1)(X5) 
Analysis Units Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
Sample Mass g 899.46 904.27 901.68 900.56 897.63 901.20 
Acid Addition g 41.09 40.92 40.85 40.49 40.56 40.25 
Mass Loss g 20.79 8.77 11.27 5.42 12.89 10.68 
Aqueous Phase pH --- 1.42 1.12 1.22 1.28 1.24 1.31 
Recovered Oil ---       
     Mass g 199.36 251.40 221.19 250.08 200.22 248.87 
     TFA w% 87.46 87.33 87.59 88.00 88.74 87.88 
     Moisture w% 1.78 1.55 1.45 2.06 1.69 1.94 
     AI w% 1.67 1.72 1.75 1.99 1.73 1.51 
     HEM w% 97.04 95.96 96.05 97.74 96.53 96.07 
Oil Yield (R1) w% 77.29 96.81 85.67 97.44 78.92 96.76 
 
Results for Vendor B GSS feedstocks are given in Table 3.40, Table 3.41, and Table 
3.42. Table 3.43 is a compilation of the data from these experiments. An analysis of the data 
from these experiments shows the agitation speed has a decreased impact on the oil yield for 
both the low and high factor levels. When comparing the results of these experiments with 
the high temperature factor level the agitation speed factor does not influence the oil yield in 
an appreciable manner. This suggests that the temperature has an overriding effect and 
similarly as was seen in the experiments on Vendor A DGSS reduces the effect of mixing 
speed. 
When comparing the results of the control experiment and the center point 
experiment it can be seen that the temperature again has a dominating effect on the oil yield. 
In all cases the oil yield from the increased temperature experiments was higher than the 
control. It’s also worth noting that the impact of the mixing effect is more substantial at the 
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lower temperature factor level with Vendor B GSS feedstocks than with Vendor A DGSS 
feedstocks. This could be caused by the gums content of Vendor B GSS feedstocks. 
Table 3.43. Compilation of the oil yield results from the temperature and agitation speed 
factor study using Vendor A DGSS feedstocks. 
Date 
Oil Yield (w%) 
Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
1/11/2016 68.86 95.08 89.61 94.29 77.26 96.39 
1/13/2016 81.54 98.56 93.97 97.58 86.44 97.03 
1/18/2016 77.29 96.81 85.67 97.44 78.92 96.76 
Mean 75.90 96.81 89.75 96.44 80.87 96.73 
Std. Dev 6.46 1.74 4.15 1.86 4.89 0.32 
 
3.4.6. Settling Time 
 An investigation was made into the influence of the settling time on the oil yield 
response. During these experiments the influence of the temperature-settling time factor 
interaction is also investigated. Insights from previous experiments suggest the influence of 
temperature on the oil yield may also have a major influence on the rate of separation of the 
oil phase. 
3.4.6.1.   Materials 
Feedstock from Vendor A DGSS and B GSS was used in the following experiments. 
New feedstock from Vendor A DGSS was collected the morning of each experimental set. 
The feedstock collection and experimental run dates for Vendor A DGSS were on 4/25/2016, 
4/27/2016, and 4/29/2016. New feedstock from Vendor B GSS was collected on 3/21/2016, 
3/24/2016, and 3/30/2016. Sulfuric acid (Certified ACS Plus Grade) having a concentration 
of 95.0 to 98.0 w% was purchased from Fisher Scientific Co., USA. 
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3.4.6.2.   Experimental Conditions 
 The experimental conditions utilized during these experiments are given in Table 
3.44. Control and center point experiments are performed along with the DOE matrix. This 
matrix is a simple 22 factorial design as shown in Table 3.45.   
Table 3.44. Experimental conditions for the settling time experiments.  
Factor Control 
Factor Intervals Variation 
Interval -1 0 +1 
Temperature (deg. C) 95 125 150 175 25 
Pressure (psig) 0  120  --- 
Settling Time (hrs) 18 0.5 1.5 2.5 1 
Mixing Time (min) 30  30  --- 
Agitation Speed (RPM) 200  200  --- 
Impeller Type 1*  1*  --- 
Feedstock Mass (g) 900  900  --- 
Acid Type Sulfuric Acid  Sulfuric Acid  --- 
Acid Addition Ratio (w%) 4.5  4.5 
 
--- 
Acid Concentration (M) 18   18   --- 
 
Table 3.45. DOE matrix of the 22 factorial design for the settling time experiments. 
Trial # 
Factors 
X1 X8 
1 - - 
2 + - 
3 - + 
4 + + 
5 Control 
6 0 0 
 
 Temperature will be varied along with the settling time to determine if a factor 
interaction is substantial. Insights from previous experiments suggest that temperature may 
have a major influence on the oil yield. It’s important to note that the settling time is an 
116 
indirect metric for the rate of separation of oil. It would be much more preferred to be able to 
measure the rate of separations directly rather that select various times to measure the extent 
of separations but with the test system this measurement is very difficult to make. The 
purpose of these experiments is to determine if temperature is allowing for faster separations. 
It was seen in previous experiments that the temperature and agitation speed factor 
interaction was disproportionate at higher temperatures with respect to the oil yield. The 
rationalization with that is there may be some major influence on the viscosity of the two 
primary phases and on the surface interactions of the coalescing oil droplets. It’s 
hypothesized here that the temperature will hasten the settling time. 
The temperature will be varied from 125 deg. C to 175 deg. C in 25 deg. C 
increments. The agitation speed will be held at 200 RPM. Pressure will be held constant at 
120 psig and separation time will be varied between 0.5, 1.5, and 2.5 hours. Mixing time will 
be held constant at 30 minutes. Impeller type will remain the same throughout all 
experiments. Feedstock mass will be held at approximately 900 grams. Acid type, addition 
ratio, and concentration will be constant at sulfuric acid, 4.5 w%, and 18.0 M, respectively. 
The control temperature will again be kept the same at 95 deg. C and the separation time will 
be 18 hours. 
3.4.6.3.   Feedstock Analysis 
 Analysis performed on the feedstocks used in these experiments is presented in Table 
3.46 and Table 3.47. The data shows the consistent variability of the Vendor A DGSS 
feedstocks. Feedstock from Vendor B GSS however shows slightly more consistency with 
respect to the TFA. The moisture content for Vendor B GSS was more inconsistent within 
these samples. 
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Table 3.46. Feedstock composition and physical property data for Vendor A DGSS 
feedstocks used in the temperature-settling time experiments. 
Analysis Units 
Feedstock Date 
4/25/2016 4/27/2016 4/29/2016 
TFA w% 26.91 22.09 26.61 
Density g/mL 0.988 0.980 0.981 
pH w% 9.28 9.26 9.73 
AI w% 0.259 1.368 0.648 
Moisture w% 60.34 64.51 61.29 
 
Table 3.47. Feedstock composition and physical property data for Vendor B GSS feedstocks 
used in the temperature-settling time experiments. 
Analysis Units 
Feedstock Date 
3/21/2016 3/24/2016 3/30/2016 
TFA w% 21.14 22.94 23.33 
Density g/mL 0.980 0.978 0.981 
pH w% 8.45 8.13 8.59 
AI w% 7.631 7.396 4.389 
Moisture w% 64.99 62.54 59.51 
 
3.4.6.4.   Results and Discussion 
 An investigation was made into the influence of temperature and settling and the 
interaction effect of the two factors on the oil yield response metric. Results from these 
experiments and a discussion on these results are given in this section. Vendor A DGSS 
feedstock experiments are given first followed by Vendor B GSS feedstock experiments.  
 Results from the experimentation on Vendor A DGSS feedstock are presented in 
Table 3.48, Table 3.49, and Table 3.50. From the results a comparison of the center point 
condition with the control again shows an influence of temperature to increase the oil yield. 
Comparing results of the center point on this set of experiments with previous sets shows a 
slight increase in oil yield. The major insight with these results is the relationship of the 
118 
temperature-settling time interaction. Both the low and high factor level conditions for the 
settling time with the high temperature factor level showed similar results across all the 
replications. The low temperature factor level with the low settling time factor levels 
however showed a slight decrease in the oil yield. This is in contrast with the high settling 
time factor level. The takeaway from this observation suggest that the temperature is again 
playing a major role in the oil yield for Vendor A DGSS feedstocks however, a reduction in 
the temperature and its effects can seemingly be compensated by simply extending the 
settling time. The overall influence of settling time for Vendor A DGSS feedstocks is 
somewhat small. Clearly in every result the higher temperature is influencing the oil yield 
response metric to increase. 
Table 3.48. Experimental data for the temperature and settling time factor study using the 
4/25/2016 Vendor A DGSS feedstock. X1 and X8 are the temperature and settling time 
codes, respectively. 
Vendor A DGSS 
Experiment Date - 4/25/2016 
Factor Interval - (X1)(X8) 
Analysis Units Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
Sample Mass g 902.02 903.66 896.35 904.79 899.11 895.66 
Acid Addition g 41.41 40.68 39.60 40.82 39.58 40.90 
Mass Loss g 14.46 4.96 5.94 3.14 7.41 7.26 
Aqueous Phase pH --- 1.61 1.55 1.59 1.65 1.44 1.51 
Recovered Oil ---       
     Mass g 212.20 264.93 257.53 258.01 256.57 258.61 
     TFA w% 91.20 90.52 90.31 91.63 90.97 91.40 
     Moisture w% 0.74 1.07 0.76 0.99 1.12 1.27 
     AI w% 0.553 0.686 0.825 0.897 0.518 0.700 
     HEM w% 97.70 97.81 97.76 98.38 96.66 97.53 
Oil Yield (R1) w% 79.73 98.62 96.42 97.10 96.47 98.07 
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Table 3.49. Experimental data for the temperature and settling time factor study using the 
4/27/2016 Vendor A DGSS feedstock. X1 and X8 are the temperature and settling time 
codes, respectively. 
Vendor A DGSS 
Experiment Date - 4/27/2016 
Factor Interval - (X1)(X3) 
Analysis Units Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
Sample Mass g 904.33 898.22 901.45 904.00 904.68 900.81 
Acid Addition g 41.37 40.77 41.42 40.69 39.99 41.02 
Mass Loss g 9.09 9.05 4.2 5.58 4.22 4.27 
Aqueous Phase pH --- 1.00 1.38 1.45 1.33 1.57 1.54 
Recovered Oil ---       
     Mass g 161.96 209.14 206.10 210.87 213.12 215.55 
     TFA w% 91.07 92.17 91.00 91.25 92.29 91.21 
     Moisture w% 1.21 1.40 1.67 1.49 1.40 1.53 
     AI w% 1.410 1.330 1.140 0.990 1.390 1.040 
     HEM w% 96.74 95.57 96.26 95.77 95.38 95.73 
Oil Yield (R1) w% 73.83 97.15 94.19 96.36 98.42 98.80 
 
Table 3.50. Experimental data for the temperature and settling time factor study using the 
4/29/2016 Vendor A DGSS feedstock. X1 and X8 are the temperature and settling time 
codes, respectively. 
Vendor A DGSS 
Experiment Date -  4/29/2016 
Factor Interval - (X1)(X8) 
Analysis Units Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
Sample Mass g 903.90 898.66 901.44 902.84 900.41 903.74 
Acid Addition g 40.28 40.56 39.55 41.11 40.07 40.74 
Mass Loss g 19.54 8.56 6.38 5.40 9.30 3.85 
Aqueous Phase pH --- 1.55 1.41 1.14 1.28 1.17 1.21 
Recovered Oil ---       
     Mass g 225.17 259.87 257.88 258.35 259.98 261.51 
     TFA w% 91.16 91.72 90.05 91.41 91.02 89.47 
     Moisture w% 1.16 1.26 0.82 0.70 1.28 0.93 
     AI w% 0.658 0.785 0.448 0.654 0.478 0.748 
     HEM w% 96.66 98.19 97.02 96.35 97.69 96.70 
Oil Yield (R1) w% 85.34 99.67 96.81 98.30 98.76 97.29 
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Table 3.51. Compilation of the results from the temperature-settling time experimentation on 
Vendor A DGSS feedstocks. 
Date 
Oil Yield (w%) 
Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
4/25/2016 79.73 98.62 96.42 97.10 96.47 98.07 
4/27/2016 73.83 97.15 94.19 96.36 98.42 98.80 
4/29/2016 85.34 99.67 96.81 98.30 98.76 97.29 
Mean 79.63 98.48 95.81 97.25 97.88 98.05 
Std. Dev 5.75 1.27 1.42 0.98 1.24 0.75 
 
 Results from the temperature-settling time experimentation for Vendor B GSS 
feedstocks are presented in Table 3.52, Table 3.53, and Table 3.54. Table 3.55 shows a 
compilation of the results from these experiments. A discussion of these results is given 
below. 
 Analyzing the results from the temperature-settling time experimentation on Vendor 
B GSS feedstocks shows the center point condition again has an increased effect on the oil 
yield. The center point oil yields are considerably larger than the control experiments. This 
suggests the temperature has a major influence on the oil yield. When comparing results 
between the center point and the low and high settling time factor levels at the low 
temperature factor level is can be seen that there is a definite difference in the oil yield. At 
low temperature and low settling time factor levels the yield decreases as compared to the 
low temperature and high settling time factor levels. Also, this decrease is seen between the 
center point and the low-low condition. This suggests that there may be a similar 
phenomenon happening as was occurring slightly with the Vendor A DGSS feedstock. The 
increased settling time is compensating the lower temperature. This effect is much more 
pronounced in the Vendor B GSS feedstocks. This may be associated with the gums content. 
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Table 3.52. Experimental data for the temperature and settling time factor study using the 
3/21/2016 Vendor B GSS feedstock. X1 and X8 are the temperature and settling time codes, 
respectively. 
Vendor B GSS 
Experiment Date - 3/21/2016 
Factor Interval - (X1)(X8) 
Analysis Units Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
Sample Mass g 895.81 896.75 903.10 900.25 901.78 900.31 
Acid Addition g 39.86 39.93 40.05 40.06 41.08 40.47 
Mass Loss g 15.31 4.27 3.2 12.51 12.03 4.29 
Aqueous Phase pH --- 1.14 1.18 0.94 1.07 1.16 0.91 
Recovered Oil ---       
     Mass g 174.96 210.44 198.45 213.50 208.97 212.93 
     TFA w% 87.14 86.58 87.35 87.48 88.25 88.16 
     Moisture w% 1.49 1.46 1.32 1.29 1.59 1.15 
     AI w% 1.302 1.068 1.172 1.011 1.033 0.979 
     HEM w% 95.79 96.62 96.80 95.22 96.47 95.89 
Oil Yield (R1) w% 80.51 96.11 90.80 98.14 96.74 98.63 
 
Table 3.53. Experimental data for the temperature and settling time factor study using the 
3/24/2016 Vendor B GSS feedstock. X1 and X8 are the temperature and settling time codes, 
respectively. 
Vendor B GSS 
Experiment Date - 3/24/2016 
Factor Interval - (X1)(X8) 
Analysis Units Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
Sample Mass g 899.35 898.98 899.47 899.24 896.87 900.46 
Acid Addition g 41.40 40.32 40.68 40.00 40.03 40.54 
Mass Loss g 17.54 7.23 7.33 11.38 10.27 6.99 
Aqueous Phase pH --- 1.33 1.24 1.20 1.26 1.42 1.04 
Recovered Oil ---       
     Mass g 173.22 234.48 216.53 236.06 229.51 234.03 
     TFA w% 86.61 85.78 87.47 85.93 85.85 86.38 
     Moisture w% 1.53 1.84 1.58 1.77 1.83 1.42 
     AI w% 1.279 1.133 0.981 1.054 1.002 1.078 
     HEM w% 96.13 96.11 97.70 96.70 95.65 96.30 
Oil Yield (R1) w% 72.72 97.53 91.79 98.33 95.77 97.86 
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Table 3.54. Experimental data for the temperature and settling time factor study using the 
3/30/2016 Vendor B GSS feedstock. X1 and X8 are the temperature and settling time codes, 
respectively. 
Vendor B GSS 
Experiment Date - 3/30/2016 
Factor Interval - (X1)(X8) 
Analysis Units Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
Sample Mass g 898.01 903.16 898.72 901.16 901.28 903.76 
Acid Addition g 40.10 40.73 40.48 40.38 41.30 39.58 
Mass Loss g 13.78 10.42 6.09 12.73 7.61 12.59 
Aqueous Phase pH --- 1.48 1.29 1.44 1.52 1.47 1.41 
Recovered Oil ---       
     Mass g 182.73 228.09 231.08 234.91 229.63 232.15 
     TFA w% 87.48 88.03 85.90 86.08 87.16 88.05 
     Moisture w% 1.43 1.34 1.67 1.47 1.66 1.48 
     AI w% 1.426 1.083 1.220 1.811 1.037 0.970 
     HEM w% 95.36 96.40 95.39 95.89 95.64 96.42 
Oil Yield (R1) w% 76.30 95.29 94.67 96.18 95.19 96.95 
 
Table 3.55. Compilation of the results from the temperature-settling time experimentation on 
Vendor B GSS feedstocks. 
Date 
Oil Yield (w%) 
Control 0 (-)(-) (+)(-) (-)(+) (+)(+) 
3/21/2016 80.51 96.11 90.80 98.14 96.74 98.63 
3/24/2016 72.72 97.53 91.79 98.33 95.77 97.86 
3/30/2016 76.30 95.29 94.67 96.18 95.19 96.95 
Mean 76.51 96.31 92.42 97.55 95.90 97.81 
Std. Dev 3.90 1.13 2.01 1.19 0.78 0.84 
 
 The impact of an increase in settling time for both Vendor A DGSS and Vendor B 
GSS feedstocks is progressive. The influence of temperature again shows an increased effect 
on the oil yield for both feedstocks as well. It appears the temperature has a much stronger 
influence on the oil yield than the settling time. An important take way from these 
experiments is the reduction in the settling time requirements. Results from both Vendor A 
DGSS and B feedstock experiments show the settling time at higher temperatures may not 
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need to be as long as initial designed. Therefore, a modification is made to the center point 
condition to reduce the settling time from 1.5 hours to 1.0 hours.  
3.4.7. Summary of Factor Screening 
 A summary of the observations and analysis from the screening experiments is given 
in this section. The influence of pressure, base addition ratio, temperature-agitation speed, 
and temperature-settling time on the oil yield response metric has been investigated. The 
purpose of these investigations was to give at least some insight into the influence of these 
factors on the oil response metric and justification to their removal from the primary DOE 
before the DOE is investigated.  
 The first factor investigated was the system pressure. Results from the 
experimentation shows the pressure used in this study has very little effect on oil yield 
therefore it can be removed from the DOE. To ensure consistency in the experiments in the 
DOE the pressure value is held at 120 psig throughout.  
 The results from the base addition ratio experiments unfortunately were not 
conclusive to disprove or prove the efficacy of this factor. These experiments were stopped 
for the following reasons: (a) success of the acid reagent experiments, (b) impractical 
economical viewpoint of using base due to the cost of consumables, (c) reduction of the size 
of the DOE, (d) inability to process the materials in the test system, (e) inconsistency of the 
feedstock to respond to base addition. The major show stopper with respect to these 
experiments is the inability to be able to fully test the factors of concern when the feedstocks 
tend to thicken to the point the test system cannot function properly. From this point on the 
base reagent and saponification experiments were rejected from the over project 
experimental design. 
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 A study of the agitation speed was performed to determine if the effects seen in the 
tubular reactor would be consistent with the batch reactor test system. The results show an 
apparent maximum in the oil yield as the agitation speed is varied with the low temperature 
factor level experiments. However, when temperature is increased the influence of the 
mixing speed is minimized. This suggests a temperature range which has a more pronounced 
influence on the oil yield than mixing. In comparison to the tubular reactor mixing results, 
this temperature influence is not as consistent. An important observation to make is the 
difference in the residence time of the feedstock at processing conditions. This suggests 
residence time may play a major role in the oil yields. The decision was made not to change 
the center point agitation speed from 200 RPM. 
 The investigation into the settling time effect on oil yield was made to indirectly 
determine the temperature influence on the rate of separation. Both feedstocks presented in 
this thesis showed a reduction in the required settling time over the center point. Again, there 
appears to be a major influence of the temperature on the oil yield response metric which 
tends to increase the rate of oil separations in these feedstocks. However, the impact of the 
lower temperature factor level with the low settling time factor level was more pronounced in 
the Vendor B GSS feedstocks (i.e. the gummed soapstock) than the Vendor A DGSS 
feedstocks (i.e. the degummed feedstocks). The gums content may be a cause for this 
difference. In either case though there was an increased influence on the oil yield over the 
control. Results from the settling time experiments justified modification of the center point 
settling time value from 1.5 hours to 1.0 hours. 
3.4.8. Application of the DOE 
 With the preliminary factor investigation and the experiments determining the 
influence of some of the minor factors completed the DOE was implemented. This section 
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details the results of a 23 factorial DOE performed on Vendor A DGSS and Vendor B GSS 
feedstocks. Again, coffee and shear will power were critical in the ensuing application of the 
DOE as it was required to complete the experiments on the collected samples within two 
days. 
3.4.9. Vendor A DGSS 
3.4.9.1.   Materials 
Feedstock from Vendor A DGSS was used in these initial experiments. New 
feedstock from Vendor A DGSS was collected the morning of each experiment set. The 
feedstock collection and experimental run dates were on 5/14/2016, 5/16/2016, and 
5/23/2016. Sulfuric acid (Certified ACS Plus Grade) having a concentration of 95.0 to 98.0 
w% was purchased from Fisher Scientific Co., USA. 
3.4.9.2.   Experimental Conditions 
Experimental conditions for the DOE regiment applied to Vendor A DGSS feedstock 
is given in Table 3.56. The DOE matrix is given in Table 3.57. 
Table 3.56. Experimental conditions for the DOE applied to Vendor A DGSS feedstocks. 
Factor 
Factor Intervals Variation 
Interval -1 0 +1 
Temperature (deg. C) 125 150 175 25 
Pressure (psig)  120  --- 
Settling Time (hrs)  1.0  --- 
Mixing Time (min) 10 30 50 20 
Agitation Speed (RPM)  200  --- 
Impeller Type  1*  --- 
Feedstock Mass (g)  900  --- 
Acid Type  Sulfuric Acid  --- 
Acid Addition Ratio (w%) 3.0 4.5 6.0 1.5 
Acid Concentration (M)   18   --- 
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Table 3.57. DOE matrix for experiments performed on Vendor A DGSS feedstocks. 
Trial # 
Factors 
X1 X4 X6 
1 - - - 
2 + - - 
3 - + - 
4 + + - 
5 - - + 
6 + - + 
7 - + + 
8 + + + 
9 Control 
10 Center Point (0) 
 
The temperature will be varied from 125 deg. C to 175 deg. C in 25 deg. C 
increments. The agitation speed will be held at 200 RPM. Pressure will be held constant at 
120 psig and separation time will be held at 1.0 hours. Mixing time will be varied between 
10, 30, and 50 minutes. Impeller type will remain the same throughout all experiments. 
Feedstock mass will be held at approximately 900 grams. Acid type and concentration will 
be constant at sulfuric acid and 18.0 M, respectively. The acid addition ratio will be varied 
between 3.0, 4.5, and 6.0 w%. The control temperature will again be kept the same at 95 deg. 
C and the separation time will be 18 hours.  
3.4.9.3.   Feedstock Analysis 
Analysis of the Vendor A DGSS feedstock samples collected for use in this 
experimental regiment are given in Table 3.58. Feedstock samples were collected on the 
morning of 05/14/2016, 05/16/2016, and 05/23/2016 and analyzed over the ensuing days. In 
comparison with previous Vendor A DGSS samples the compositional results of the samples 
in this study are within the “norm” of the feedstock composition. 
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Table 3.58. Feedstock composition and physical property data for Vendor A DGSS 
feedstocks used in the main application of the DOE. 
Analysis Units 
Feedstock Date 
5/14/2016 5/16/2016 5/23/2016 
TFA w% 27.77 24.20 25.66 
Density g/mL 0.983 0.983 0.979 
pH w% 9.45 9.66 9.62 
AI w% 1.301 1.174 1.049 
Moisture w% 57.76 61.96 61.05 
 
3.4.9.4.   Results and Discussion 
The effect of temperature, mixing time (i.e. residence time minus the settling time), 
and the acid addition ratio on the oil yield response was investigated. Experiments were 
performed on Vendor A DGSS, a degummed soapstock. Results of the experimentation on 
Vendor A DGSS feedstocks from the 23 factorial DOE are presented in this section.  
Table 3.59. Compilation of oil yield results from application of the DOE on the Vendor A 
DGSS feedstocks.  
Experiment 
Oil Yield (w%) 
5/14/2016 5/16/2016 5/23/2016 
Control 82.92 86.56 83.26 
Center Point 97.84 99.74 97.29 
(-)(-)(-) 93.54 94.21 97.36 
(+)(-)(-) 96.97 96.21 96.83 
(-)(+)(-) 96.38 98.52 97.31 
(+)(+)(-) 97.51 98.41 99.00 
(-)(-)(+) 92.33 92.10 95.13 
(+)(-)(+) 95.83 98.87 97.30 
(-)(+)(+) 96.95 96.79 95.90 
(+)(+)(+) 95.99 97.31 96.30 
 
Results of the DOE performed on Vendor A DGSS feedstock are given in Table 3.59. 
In all condition tested the DOE conditions outperformed the control. In comparing the 
control with the center point condition the temperature shows an influence to increase the oil 
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yield. This has been a common point across all experiments performed on Vendor A DGSS 
feedstocks. Comparing the high acid addition ratio to low acid addition ratio experiments it’s 
seen that there is a slight reduction in the oil yield from high to low factor levels. This 
suggest there could be some influence of over addition of acid of that there is a pH effect. 
The mixing time shows a slight increased effect on the oil yield when comparing low and 
high results together.  
Table 3.60. ANOVA statistical information on DOE results on Vendor A DGSS feedstocks. 
Source of Variation SS df Mean Square F-Value p-Value 
Model 109.39 7 15.63 2.15 0.09 
     X1-Temp 37.53 1 37.53 5.15 0.04 
     X5-Mixing Time 36.73 1 36.73 5.04 0.04 
     X6-Acid Ratio 0.09 1 0.09 0.01 0.91 
     (X1)(X4) 25.36 1 25.36 3.48 0.08 
     (X1)(X6) 1.13 1 1.13 0.16 0.70 
     (X4)(X6) 8.56 1 8.56 1.17 0.29 
     (X1)(X4)(X6) 0.00 1 0.00 0.00 0.98 
Residual 138.36 19 7.28   
     Lack of Fit 14.47 1 14.47 2.10 0.16 
     Pure Error 123.89 18 6.88   
Cor. Total 247.75 26       
 
Table 3.61. Statistical information for the model parameters determined by analysis of the 
DOE results on Vendor A DGSS feedstocks. 
Factor Coeff. Estimate df Std. Error 
95% CI 
Low 
95% CI 
High 
Intercept 96.22 1 0.52 95.13 97.31 
X1-Temp 1.25 1 0.55 0.10 2.40 
X5-Mixing Time 1.24 1 0.55 0.08 2.39 
X6-Acid Ratio -0.06 1 0.55 -1.21 1.09 
(X1)(X4) -1.03 1 0.55 -2.18 0.13 
(X1)(X6) -0.22 1 0.55 -1.37 0.94 
(X4)(X6) -0.60 1 0.55 -1.75 0.56 
(X1)(X4)(X6) -0.01 1 0.55 -1.17 1.14 
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 Statistical information from the DOE is presented in Table 3.60 and Table 3.61. The 
analysis of variation (ANOVA) shows a p-value of 0.088 indicating the model is not 
significant. However, the temperature and mixing parameters are significant. All other 
parameters are not significant in the. This suggest the temperature and mixing effects are 
influential on the oil yield response metric.     
3.4.10. Vendor B GSS 
3.4.10.1.   Materials 
Feedstock from Vendor B GSS was used in these initial experiments. New feedstock 
from Vendor A DGSS was collected the morning of each experiment set. The feedstock 
collection and experimental run dates were on 4/9/2016, 4/11/2016, 4/16/2016, 5/28/2016, 
and 5/30/2016. Sulfuric acid (Certified ACS Plus Grade) having a concentration of 95.0 to 
98.0 w% was purchased from Fisher Scientific Co., USA. 
3.4.10.2.   Experimental Conditions 
Experimental conditions for the DOE regiment applied to Vendor B GSS feedstock is 
given in Table 3.62. The DOE matrix is given in Table 3.63. The temperature will be varied 
from 125 deg. C to 175 deg. C in 25 deg. C increments. The agitation speed will be held at 
200 RPM. Pressure will be held constant at 120 psig and separation time will be held at 1.0 
hours. Mixing time will be varied between 10, 30, and 50 minutes. Impeller type will remain 
the same throughout all experiments. Feedstock mass will be held at approximately 900 
grams. Acid type and concentration will be constant at sulfuric acid and 18.0 M, respectively. 
The acid addition ratio will be varied between 3.0, 4.5, and 6.0 w%. The control temperature 
will again be kept the same at 95 deg. C and the separation time will be 18 hours. 
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Table 3.62. Experimental conditions for the DOE applied to Vendor B GSS feedstocks. 
Factor 
Factor Intervals Variation 
Interval -1 0 +1 
Temperature (deg. C) 125 150 175 25 
Pressure (psig)  120  --- 
Settling Time (hrs)  0.5  --- 
Mixing Time (min) 10 30 50 20 
Agitation Speed (RPM)  200  --- 
Impeller Type  1*  --- 
Feedstock Mass (g)  900  --- 
Acid Type  Sulfuric Acid  --- 
Acid Addition Ratio (w%) 3.0 4.5 6.0 1.5 
Acid Concentration (M)   18   --- 
 
Table 3.63. DOE matrix for experiments performed on Vendor B GSS feedstocks. 
Trial # 
Factors 
X1 X4 X6 
1 - - - 
2 + - - 
3 - + - 
4 + + - 
5 - - + 
6 + - + 
7 - + + 
8 + + + 
9 Control 
10 Center Point (0) 
 
3.4.10.3.   Feedstock Analysis 
Composition and physical property data for Vendor B GSS feedstocks are given in 
Table 3.64. The samples used in this regiment of testing were quite consistent from a 
physical appearance standpoint.  
131 
Table 3.64. Feedstock composition and physical property data for Vendor B GSS feedstocks 
used in the main application of the DOE. 
Analysis Units 
Feedstock Date 
4/9/2016 4/11/2016 4/16/2016 5/28/2016 5/30/2016 
TFA w% 23.12 21.71 22.85 25.54 25.75 
Density g/mL 0.991 0.986 0.982 0.988 0.986 
pH w% 8.77 8.61 9.25 8.12 8.48 
AI w% 4.870 6.330 5.559 4.850 5.689 
Moisture w% 63.26 61.84 63.50 58.66 59.55 
 
3.4.10.4.   Results and Discussion 
 The effect of temperature, mixing time (i.e. residence time minus the settling time), 
and the acid addition ratio on the oil yield response was investigated. Experiments were 
performed on Vendor B GSS, a gummed soapstock. Results of the experimentation on 
Vendor B GSS from the 23 factorial DOE are presented in this section. 
Table 3.65. Compilation of oil yield results from application of the DOE on Vendor B GSS 
feedstocks. 
Experiment 
Oil Yield (w%) 
4/9/2016 4/11/2016 4/16/2016 5/28/2016 5/30/2016 
Control 84.06 83.01 85.85 78.69 88.68 
Center Point 95.37 94.94 97.09 93.55 93.93 
(-)(-)(-) 89.80 90.68 87.17 88.65 87.02 
(+)(-)(-) 95.35 91.22 89.63 89.69 93.31 
(-)(+)(-) 96.46 95.74 96.06 95.27 94.20 
(+)(+)(-) 98.74 97.72 96.51 97.01 98.18 
(-)(-)(+) 88.96 86.81 91.77 90.05 87.82 
(+)(-)(+) 93.17 92.67 90.09 91.53 92.58 
(-)(+)(+) 95.31 96.46 94.74 94.60 95.97 
(+)(+)(+) 96.59 96.44 95.43 95.40 94.25 
 
Statistical information from the DOE is given in Table 3.66 and Table 3.67. The 
ANOVA results show a model p-value of <0.0001 indicating significance of the model with 
very small chance the model is due to noise. The temperature and mixing time are both have 
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very low p-values suggesting they are significant parameters to the oil yield. All other 
parameters and interactions, with the exception of the temperature-mixing time interaction, 
are not significant. 
Table 3.66. Statistical information for DOE results on Vendor B GSS feedstocks.  
Source of Variation SS df Mean Square F-Value p-Value 
Model 383.61 7 54.80 26.07 0.00 
     X1-Temp 44.04 1 44.04 20.95 0.00 
     X5-Mixing Time 319.85 1 319.85 152.14 0.00 
     X6-Acid Ratio 1.51 1 1.51 0.72 0.40 
     (X1)(X4) 9.07 1 9.07 4.32 0.04 
     (X1)(X6) 2.84 1 2.84 1.35 0.25 
     (X4)(X6) 4.64 1 4.64 2.21 0.15 
     (X1)(X4)(X6) 1.66 1 1.66 0.79 0.38 
Curvature 13.61 1 13.61 6.47 0.02 
Pure Error 75.68 36 2.10   
Cor. Total 472.90 44       
 
Table 3.67. Statistical information for the model parameters determine by analysis of the 
DOE results on Vendor B GSS feedstocks. 
Factor Coeff. Estimate df Std. Error 
95% CI 
Low 
95% CI 
High 
Intercept 93.23 1 0.23 92.76 93.69 
X1-Temp 1.05 1 0.23 0.58 1.51 
X5-Mixing Time 2.83 1 0.23 2.36 3.29 
X6-Acid Ratio -0.19 1 0.23 -0.66 0.27 
(X1)(X4) -0.48 1 0.23 -0.94 -0.01 
(X1)(X6) -0.27 1 0.23 -0.73 0.20 
(X4)(X6) -0.34 1 0.23 -0.81 0.12 
(X1)(X4)(X6) -0.20 1 0.23 -0.67 0.26 
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CHAPTER 4.    GENERAL CONCLUSIONS AND RECOMMENDATIONS 
4.1. Introduction 
Insights and general conclusions attained from the experimental results and 
observations presented in this thesis are given in this chapter. Two soapstocks were studied 
in this research, Vendor A DGSS and Vendor B GSS. These feedstocks were selected to be 
presented in this thesis because they are more consistent materials (i.e. the variations inherent 
to the feedstock composition and production are smaller) than do others studied outside the 
scope. The results from the design of experiments matrix applied to these feedstock was 
completed and a model presented. 
4.2. Conclusions 
The investigation into optimizing oil yield from a degummed and gummed soapstock 
(i.e. Vendor A DGSS and B GSS, respectively) using alternative methods of acidulation and 
processing yielded some very interesting results. Preliminary insights into the nature of the 
feedstocks both from their composition and also their production was studied and yielded 
many potential factors to be considered in this study. On top of this the various methods to 
recover oil from these feedstocks were studied and factors were produced from these as well. 
From this list of factors a preliminary screening was performed and the rejection and 
selection of hypothesized key factors was made. The effect of pressure, base addition and 
saponification, agitation speed, and settling time was studied first. Following these studies a 
23 factorial DOE was applied to both feedstocks presented in this study. The factors selected 
to be in the DOE are temperature, mixing time, and the acid addition ratio. 
The first study undertaken utilized a tubular flow reactor system. This system 
underwent many changes as more insights were gained from experimentation. In the final 
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design of the system the effect of temperature and mixing were investigated. From these 
results it was seen that the effect of temperature increased the oil yield. The effect of the 
number of mixers however showed a much more dynamic relationship. The results showed 
that the number of mixers reaches an optimum value which produces the high oil yield. There 
seems to be a factor relating to under mixing as well as over mixing of the feedstocks during 
the addition of acid. In comparison with results from the batch reactor the influence of 
mixing tends to be mitigated by the temperature effect. Additionally, the residence time 
increase in the batch reactor may also be playing a role in the increased oil yield over the 
tubular reactor results. In the end the tubular reactor was too difficult to use and the push to 
gain better control over the factors which may influence the oil yield by using a batch reactor 
test system was made.  
A study was performed to determine the repeatability of results using the batch 
reactor system. This was done to identify if other factors, namely nuisance variables, may be 
playing a role in the experiments. These experiments were performed on Vendor A DGSS 
feedstock and showed very good consistency and repeatability. This confirms that control of 
the test system is sufficient to eliminate random uncontrolled variables.  
From the study of the effect of pressure on the oil yield it was observed that there was 
negligible effect on the two feedstock presented. A predetermined pressure limit of 300 psig 
was made to keep within the limits of what was considered, at the time of the study, to be an 
easily implementable system design. Beyond 300 psig the thought was that there would be 
more difficulties with respect to cost and fabrication of a full scale system than would be 
worth the potential value. Therefore, no pressure beyond 300 psig was studied. A deeper 
investigation into the effects of very high pressure, however, may be worth it. 
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The base addition ratio also yielded some very interesting results. The addition of 
sodium hydroxide to the soapstocks studied caused the viscosity to increase to value where 
the batch reactor test system could not perform. This high viscosity is not encouraging for 
ease of processing at any scale. Based on these results the base addition study was 
eliminated. However, during the investigation of results from these experiments it was 
observed that the samples were separating water without the use of acid. These observations 
spurred a deeper investigation into the dynamics of the process which are not presented in 
this thesis, however, these observations helped explain some of the results seen from other 
factor analysis. 
 The investigation into the effect of agitation speed on the oil yield showed interesting 
results indicating that the influence of temperature is predominant over the mixing speed for 
both feedstocks. At 125 deg. C and low agitation speed, 50 RPM, the oil yield was 
comparable to the 125 deg. C and high agitation speed, 400 RPM oil yields. These results are 
similar to the tubular reactor results in that there appears to be an optimum mixing speed. 
However, at 175 deg. C and low or high mixing speed the yields were not greatly effected as 
compared to the center point and were much larger than the control experiments. This 
suggests that the temperature of the process reduces the effect of mixing speed on the oil 
yield. This may be caused by the reduced viscosity of the materials, faster coalescence due to 
instability of the droplet interface caused by high surface energies, and possible reaction or 
modification of the surfactant compounds stabilizing the interface. 
 Settling time was investigated to determine if its combined effect with temperature 
has a major influence on the oil yield. Again, a temperature of 125, 150, and 175 deg. C was 
used with a settling time of 10, 30, and 50 minutes. From the experimentation on the 
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degummed soapstock, Vendor A DGSS, it was seen that the settling time had little effect on 
oil yield. This suggests that the rate of separation after injection and mixing of acid is 
complete with 10 minutes. In comparison to the gummed soapstock there was a slight effect 
of the low temperature, low settle time condition on the oil yield. This may be explained by 
the larger concentration of phospholipids in the gummed feedstocks which can stabilize the 
emulsion and inhibit oil yield. In comparison to the high settling time this effect is not as 
pronounced and is comparable to the center point. Again, in all experiments the higher 
temperature yielded greater oil yield than the control.  
 A DOE containing the temperature, mixing time, and acid addition ratio was applied 
to both feedstocks. From the results it can be seen the temperature again is a very critical 
factor in the oil yield across both feedstocks. The control experiment oil yield was always 
smaller than the higher temperature experiments in essentially all cases. A similar effect on 
the oil yield can be seen between Vendor A DGSS and B GSS feedstocks with respect to the 
acid addition ratio. There appears to be a slight decreased effect on the high acid addition 
amount at both low and high temperature and mixing time conditions. A very interesting 
effect is seen with the low acid addition ratio across the low and high temperature and mixing 
time factors in that the low acid addition ratio did not cause a decreased effect on the oil 
yield. In fact the low acid addition produced very similar oil yields. This is very encouraging 
as it suggests there is an advantage in decreasing the required acid consumption and also 
downstream neutralization consumables, as well as materials of construction and 
maintenance requirements with the increase in temperature. With respect to the mixing time 
there is a slight increase in oil yield with Vendor A DGSS feedstocks. However, this effect is 
somewhat minimal and the overall effect of the temperature dominates. When comparing the 
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mixing time effect with Vendor B GSS feedstocks however, there is a more substantial 
impact with increasing residence time. Again the primary difference between Vendor A 
DGSS and Vendor B GSS is the gums content of the feedstocks. This possibly indicates that 
the gums content of Vendor B GSS feedstock is influencing the oil yield and that the mixing 
time and therefore the residence time, is aiding in the destabilization effects of the gums. 
Whether this is occurring by reaction or other modification of the gums or other components 
in the gummed soapstock, is not known and requires further investigation.  
 General conclusions from this work indicate that the effect of temperature, residence 
time, and mixing are important in the recovery of oil from the soapstocks studied in this 
research. Additionally, the reduction in the acid requirements is very influential from a cost 
savings view point. The influence of gums content on the oil yield was not directly studied 
but indications are that this has a pronounced effect on the predictability of oil yield. 
4.3. Recommendations for Future Work 
Based off results from the research carried out in this thesis, and equally important 
outside the research presented in this thesis, it’s highly recommended that an investigation be 
made into the dynamics and fundamental aspects of emulsions like soapstocks and wet gums. 
The influence of composition and processing techniques from the VOR appear as 
uncontrolled variables and factors which are lumped together into a categorical factor which 
becomes very difficult to discern and decouple. The degree of variation in the outputs from 
these vendors is enough to suggest that this lumping of factors is not sufficient to be able 
make well educated decisions or system designs; i.e. simply saying that a material is GSS is 
not enough to determine how it will behave. Additionally, with the continuous changes in the 
industry, especially with the progress of enzymatic degumming and traditional degumming 
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for the production of enzymatic wet gums and traditional wet gums, respectively, requires a 
more fundamental look at emulsions.  
What has been accomplished in the work presented in this study is a realization of 
what factors show influence on oil yield and recovery. However, the cause for these factor 
effects remains unanswered. An understanding of the fundamental workings of these 
emulsions at test conditions may allow the application of the technology discussed to be 
utilized across a wider breadth of emulsions. An approach for completing this would involve 
concepts within multiphase fluid mechanics and reactions engineering. An understanding of 
the resistances to droplet-droplet coalescence and subsequent separation is the key to not 
only developing predictability of the oil recovery but also in figuring out if there are other 
methods which may be more effective.  
The resistances to droplet-droplet coalescence are many, as was briefly described in 
Chapter 1.3, and an understanding of droplet-droplet interaction mechanisms is very useful. 
The mechanism involved in the separation of oil into a distinct phase may proceed by 
flocculation whereby the droplets aggregate, creaming where density of the separating phases 
drives separation rate, Ostwald ripening in which small oil droplet may dissolve into the 
surrounding medium and combine with larger droplets, and coalescence where interacting 
droplets combine and form larger droplets. Exactly which mechanism or combination of 
mechanisms is responsible requires further research. The rates at which these different 
mechanism act is of high interest as well. Perhaps certain properties of the emulsions can be 
exploited to hasten the rate of the more dominant mechanism. For example, the rate of 
creaming may be expressed as a balance between the hydrodynamic force and gravity, i.e. 
Stoke’s law. Flocculation rates may be treated considering emulsions which are either 
139 
electrostatically stabilized or sterically stabilized. Coalescence rate may be expressed in 
terms of kinetically limiting interfacial film drainage and subsequent rupture. From this 
perspective it will be possible to correlate the factor-response relationships realized in this 
study with more fundamental workings of the emulsions with the process. Additionally, this 
may allow explanations for the limitations of feedstocks not discussed in this thesis.  
A good place to start a more fundamental understanding of the feedstock fluid 
dynamics and oil recovery from them is to look at the emulsion structure. An investigation 
into the emulsion structure using light microscopy was performed. Images from this study are 
shown in Figure 4.1 below.  
 
Figure 4.1. Light microscopy images of GSS taken at 10x magnification. The image on the 
left in taken under bright field conditions and the image on the right is with phase contrast.  
The polydisperse nature of the oil droplets in a GSS is shown. Phase contrast 
techniques show a different way of looking at the dispersion. Taking information like the 
polydispersity and combining it with dimensionless analysis may help elicit the connections 
between the primary factors influencing oil recovery and the fundamental reasons why they 
are so influential. A look at the interfacial rheology and using dimensionless parameters like 
the capillary number and weber number will help building models to more fundamentally 
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explain the factor-response relationships. For example, why is it that shear rate has such an 
impact and why temperature helps to mitigate the effect? 
 
Figure 4.2. Light microscopy image at 10x magnification of the residual emulsion remaining 
from reaction. 
The reactions which occur with the emulsifiers and the chemistry changes of the 
continuous phase is also critical. A deeper look at the way the emulsifier properties change 
with reaction and process conditions would be very important to optimize the process of oil 
recovery. Figure 4.2 shows an image taken of the residual emulsion left after traditional 
processing. In the image it can be seen that the oil droplets, indicated by the red arrow, are 
deformed in a rigid structure. The rigid and deformed structure suggests that the interface of 
the oil droplet is under stress, therefore non-oil constituents are interacting with the oil 
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interface and deforming it. The yellow arrow shows a higher concentration of the 
constituents which may be responsible for such deformation. An understanding of the 
composition of this material and its properties will help the formulation of a more 
fundamental model representing these emulsion systems.  
 
Figure 4.3. Light microscopy images at 20x magnification. The image on the left was taken 
under bright field conditions and the image on the left was taken under partial polarization. 
An interesting phenomena is seen when investigating the residual emulsion under 
polarized light conditions. This is seen in Figure 4.3. The image on the left has been taken 
without polarization and the image on the right has been taken with partial polarization. 
Under the polarization conditions crystalline structures can be seen as patches of bright 
formations. It’s unlikely that these crystalline structures are formed due to fat because of the 
amorphous nature of fat crystals. It’s more likely that the crystals are remnants of the seed 
matter, perhaps cellulosic in nature. These images are only a first step in the understanding of 
what truly is happening in this type of process and with these feedstock materials. The 
complexity of these feedstocks certainly doesn’t ease the solution to the problem but this is 
by no means a deterrent, rather, it makes the research subject that much more interesting. 
This is especially true from an economic point of view. Increasing the oil yield by 1% from 
these feedstocks is a substantial cost savings. 
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